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Summaryȱ
Despiteȱ theȱ recentȱ trendsȱ toȱ lookȱ forȱalternativeȱsourcesȱofȱenergyȱasȱsubstitutesȱ toȱ
theȱtraditionalȱhydrocarbonȱfuels,ȱstillȱvastȱamountȱofȱoilȱandȱgasȱsourcesȱareȱcomingȱfromȱ
offshoreȱreservoirsȱtoȱfeedȱtheȱincreasingȱneedȱofȱenergyȱinȱtheȱworld.ȱTheȱenergyȱsectorȱisȱ
stillȱactivelyȱdevelopingȱoffshoreȱ fieldsȱ toȱdevelopȱhydrocarbonȱ reservoirsȱ thatȱareȱ locatedȱ
beneathȱ theȱ seafloor,ȱ andȱ thereȱ isȱ anȱ increasingȱ interestȱ inȱ theȱquestȱ forȱhydrocarbonsȱ inȱ
deepwaterȱsites.ȱTheseȱsitesȱareȱexposedȱtoȱrisksȱfromȱvariousȱtypesȱofȱgeohazards,ȱtheȱmostȱ
importantȱ ofȱwhichȱ isȱ theȱ riskȱposedȱ byȱpotentialȱ instabilityȱ ofȱ submarineȱ slopesȱ locatedȱ
alongȱtheȱcontinentalȱslope.ȱ
Theȱ researchȱ presentedȱ inȱ thisȱ PhDȱ thesisȱ exploredȱ theȱ stabilityȱ ofȱ submarineȱ slopesȱ inȱ
deepwaterȱ sitesȱ fromȱ theȱgeotechnicalȱpointȱofȱview.ȱSinceȱoneȱofȱ theȱmainȱ causesȱofȱ theȱ
failureȱ ofȱ submarineȱ slopesȱ isȱ seismicȱ activity,ȱ specialȱ considerationȱ wasȱ givenȱ toȱ theȱ
analysisȱ ofȱ theȱ dynamicȱ responseȱ ofȱ submarineȱ slopesȱ underȱ earthquakeȱ loading.ȱ Theȱ
dynamicȱresponseȱofȱclayȱslopesȱisȱaȱfunctionȱofȱtheȱundrainedȱshearȱstrength,ȱmassȱdensityȱ
andȱ stiffnessȱofȱ theȱ sediments.ȱMuchȱ ofȱ theȱworkȱpresentedȱ inȱ thisȱ thesisȱ focusedȱ onȱ theȱ
characterizationȱofȱtheȱundrainedȱsoilȱshearȱstrengthȱbefore,ȱduringȱandȱafterȱtheȱearthquakeȱ
event.ȱUnderstandingȱ theȱ evolutionȱ ofȱ theȱ soilȱ shearȱ strengthȱ subjectedȱ toȱ severeȱ groundȱ
shakingȱ isȱ theȱkeyȱ toȱunderstandingȱ theȱevolutionȱofȱ theȱslopeȱstabilityȱ inȱ timeȱandȱspace.ȱ
Additionally,ȱtheȱcombinationȱofȱseismicȱloadingȱandȱsoilȱinterfacesȱ(preconditioningȱfactor)ȱ
inȱ theȱ soilȱprofile,ȱwereȱanalysedȱ toȱexploreȱ theȱ initiationȱprocessȱofȱ slopeȱ failure.ȱSeveralȱ
recentȱstudiesȱimplyȱthatȱsoilȱinterfacesȱsuchȱasȱweakȱlayersȱplayedȱaȱkeyȱroleȱinȱtheȱfailureȱ
initiationȱprocessȱ ofȱwellȬknownȱ casesȱ suchȱ asȱ theȱ Storeggaȱ andȱGrandȱBanksȱ submarineȱ
slides,ȱamongȱothers.ȱ
Theȱclassicalȱdeterministicȱapproachȱtoȱslopeȱstabilityȱassessmentȱwasȱcomplementedȱwithȱaȱ
probabilisticȱapproachȱtoȱestimateȱtheȱhazardȱandȱriskȱassociatedȱtoȱtheȱfailureȱofȱsubmarineȱ
slopes.ȱSpecialȱ emphasisȱwasȱgivenȱ toȱ theȱ slopeȱ failureȱ frequencyȱmodelȱbyȱdevelopingȱ aȱ
procedureȱtoȱaccountȱforȱtheȱuncertaintiesȱ inȱearthquakeȱcharacteristicsȱandȱslopeȱdynamicȱ
response.ȱFurthermore,ȱ theȱ transformationȱofȱ theȱ failedȱmassȱ fromȱ slumpȱ toȱmassȱgravityȱ
flow,ȱwithȱspecialȱattentionȱtoȱtheȱestimationȱofȱtheȱrunoutȱdistance,ȱmudflowȱfrontȱvelocity,ȱ
andȱthicknessȱofȱtheȱfailedȱmassȱonȱitsȱwayȱdownȱalongȱtheȱcontinentalȱslopeȱwasȱexploredȱ
byȱmeansȱofȱnumericalȱsimulations.ȱTheȱnumericalȱsimulationsȱthatȱmodelledȱtheȱmechanicsȱ
ofȱtheȱdebrisȱflowȱwereȱcomplementedȱwithȱtheȱMonteȱCarloȱsimulationȱmethodȱtoȱaccountȱ
forȱtheȱuncertaintiesȱinȱtheȱinputȱparametersȱofȱtheȱmodel,ȱandȱestimatingȱtheȱprobabilityȱofȱ
mudflowȱ impactingȱ theȱ criticalȱ seabedȱ facilities.ȱ Thisȱ calculatedȱ probabilityȱ ofȱmudflowȱ
reachingȱ theȱ facility,ȱ togetherȱwithȱ theȱdevelopmentȱofȱ theȱ slopeȱ failureȱ frequencyȱmodel,ȱ
providedȱtheȱbasisȱforȱtheȱearthquakeȬinducedȱslopeȱfailureȱhazardȱanalysis.ȱ
Theȱriskȱanalysisȱwasȱdoneȱbyȱassessingȱtheȱdirectȱconsequencesȱofȱslopeȱfailure.ȱTheȱdirectȱ
consequencesȱ wereȱ quantifiedȱ byȱ developingȱ vulnerabilityȱ curvesȱ forȱ theȱ offshoreȱ
installationsȱ atȱ risk,ȱ theȱ expectedȱmudflowȱ frontȱ velocityȱ andȱ thicknessȱwhenȱ impactingȱ
offshoreȱstructures,ȱandȱtheȱestimatedȱimpactȱforcesȱversusȱlateralȱcapacityȱofȱfoundations.ȱ
TheȱPhDȱresearchȱutilizedȱinformationȱfromȱtheȱLakachȱproject,ȱwhichȱisȱtheȱfirstȱdeepwaterȱ
siteȱ toȱ beȱ developedȱ inȱMexico.ȱ Thisȱ siteȱ isȱ locatedȱ inȱ theȱ Gulfȱ ofȱMexico,ȱ closeȱ toȱ theȱ
Veracruzȱstate,ȱonȱtheȱcontinentalȱslopeȱwithȱaȱwaterȱdepthȱofȱ1,200ȱm.ȱThisȱdeepwaterȱsiteȱ
projectȱ isȱ facingȱ theȱ threatȱ ofȱ potentialȱ submarineȱ slopeȱ failuresȱ atȱ theȱ borderȱ ofȱ theȱ
continentalȱ shelfȱ andȱ theȱ continentalȱ slope,ȱ inȱwaterȱ depthȱ ofȱ aboutȱ 500ȱm.ȱ Theseȱ slopeȱ
failureȱtreatsȱwereȱinvestigatedȱduringȱthisȱPhDȱprogramme.ȱ
TheȱPhDȱresearchȱgeneratedȱinȱtotalȱ9ȱresearchȱproducts:ȱ3ȱpeerȬreviewedȱ journalȱpapers,ȱ1ȱ
conferenceȱpaper,ȱ3ȱsymposiumȱpapers,ȱ1ȱAGUȱ(AmericanȱGeophysicalȱUnion)ȱabstract,ȱandȱ
1ȱtechnicalȱreport.ȱTheȱ3ȱpeerȬreviewedȱjournalȱpapersȱareȱlistedȱinȱtheȱListȱofȱJournalȱPapersȱ
section,ȱandȱtheȱremainingȱresearchȱproductsȱareȱlistedȱinȱtheȱAppendicesȱsection.ȱ
Inȱgeneral,ȱ3ȱpapersȱandȱ theȱ technicalȱreportȱdealȱwithȱ theȱmechanicsȱofȱ theȱslopeȱstabilityȱ
andȱdebrisȱflowȱdynamicsȱfromȱaȱdeterministicȱpointȱofȱview;ȱ1ȱpaperȱandȱtheȱAGUȱabstractȱ
complementȱtheȱdeterministicȱapproachȱwithȱtheȱfrequencyȱmodelȱtoȱperformȱslopeȱfailureȱ
hazardȱ analysis;ȱ 3ȱ papersȱ complementȱ theȱ slopeȱ failureȱ hazardȱ analysisȱ withȱ theirȱ
correspondingȱconsequencesȱtoȱassessȱtheȱriskȱassociatedȱwithȱslopeȱfailure.ȱ
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Chapterȱ1ȱ
1. INTRODUCTION
1.1ȱ Motivationȱ
Amongȱtheȱvarietyȱofȱgeohazardsȱinȱdeepwaterȱsites,ȱtheȱfailureȱofȱsubmarineȱslopesȱ
onȱtheȱcontinentalȱshelfȱandȱcontinentalȱslopeȱisȱoneȱofȱtheȱmostȱsignificantȱhazardsȱ(Parkerȱ
etȱ al.ȱ 2008)ȱ thatȱmayȱ impactȱ theȱmarineȱ environment,ȱ theȱ economicȱ sector,ȱ andȱ threatenȱ
humanȱlivesȱinȱcoastalȱareas.ȱTheȱmostȱfrequentȱtriggerȱofȱsubmarineȱslopeȱfailuresȱisȱlinkedȱ
toȱ seismicȱ activityȱbyȱ itselfȱ (Hanceȱ 2003),ȱorȱ inȱ combinationȱwithȱpreconditioningȱ factors,ȱ
alsoȱknownȱasȱslowȱtriggers,ȱsuchȱasȱsoilȱboundaryȱinterfacesȱ(e.g.ȱweakȱlayers)ȱ(Locatȱetȱal.ȱ
2013;ȱL’Heureuxȱetȱal.ȱ2012;ȱSolheimȱetȱal.ȱ2005b).ȱ
Theȱ oilȱ andȱ gasȱ industryȱ inȱ Mexicoȱ hasȱ decidedȱ toȱ startȱ exploitingȱ hydrocarbonsȱ inȱ
deepwaterȱenvironments.ȱItȱisȱexpectedȱthatȱriskȱassessmentȱforȱsubmarineȱslidesȱwillȱassistȱ
theȱMexicanȱoilȱindustryȱinȱtheȱdecisionȱmakingȱprocessȱconcerningȱtheȱdevelopmentȱofȱoilȱ
andȱgasȱoffshoreȱfieldsȱinȱdeepwaterȱsitesȱinȱtheȱMexicanȱpartȱofȱtheȱGulfȱofȱMexico.ȱOnȱtheȱ
Mexicanȱ partȱ ofȱ theȱ Gulfȱ ofȱ Mexico,ȱ theȱ seismicȱ activityȱ isȱ anȱ importantȱ triggerȱ forȱ
submarineȱslidesȱthatȱneedsȱtoȱbeȱevaluatedȱ(Geomatrixȱ2006).ȱ
Afterȱ intenseȱgeophysicalȱ explorationsȱ forȱpotentialȱhydrocarbonȱ reservoirsȱ inȱ theȱGulfȱofȱ
Mexico,ȱaȱnaturalȱgasȱreservoirȱnearȱ theȱVeracruzȱstateȱwasȱ identifiedȱ thatȱ theȱnationalȱoilȱ
companyȱPEMEXȱdecidedȱ toȱdevelop.ȱTherefore,ȱ importantȱ resourcesȱwereȱdesignatedȱ toȱ
initiateȱtheȱdevelopmentȱofȱtheȱfirstȱdeepwaterȱprojectȱinȱMexico,ȱandȱPEMEXȱtogetherȱwithȱ
theȱMexicanȱPetroleumȱ Instituteȱ (IMP),ȱandȱ theȱMexicanȱNationalȱCouncilȱ forȱScienceȱandȱ
Technologyȱ(CONACYT)ȱinitiatedȱresearchȱandȱtrainingȱprogramsȱtoȱfaceȱtheȱnewȱchallengeȱ
ofȱdevelopingȱhydrocarbonȱfieldsȱinȱdeepwaterȱsites.ȱ
Theȱ firstȱdeepwaterȱnaturalȱgasȱ fieldȱ toȱbeȱdevelopedȱ isȱnamedȱLakach,ȱ andȱhasȱ aȱwaterȱ
depthȱofȱ aboutȱ 1,200ȱm.ȱPEMEXȱdesignatedȱFugroȱ toȱperformȱ theȱgeological,ȱgeophysicalȱ
andȱgeotechnicalȱexplorationȱwithȱ theȱaimȱ toȱcharacterizeȱ theȱsiteȱ forȱ futureȱdevelopment.ȱ
TheȱreportsȱgeneratedȱbyȱFugro,ȱtogetherȱwithȱpreviousȱseismicȱhazardȱstudiesȱinȱtheȱregionȱ
performedȱbyȱGeomatrixȱ(2006),ȱformedȱtheȱbasisȱforȱcarryingȱoutȱriskȱanalysisȱofȱsubmarineȱ
landslidesȱtriggeredȱbyȱearthquakesȱinȱtheȱGulfȱofȱMexico.ȱ
Theȱworkȱdescribedȱ inȱ thisȱdoctoralȱ thesisȱ isȱpartȱofȱ theȱ researchȱ initiatedȱbyȱ theȱMexicanȱ
Petroleumȱ Instituteȱ (IMP),ȱ togetherȱ withȱ theȱMexicanȱ Nationalȱ Councilȱ forȱ Scienceȱ andȱ
Technologyȱ (CONACYT)ȱ toȱ addressȱ theȱ challengesȱmentionedȱ above.ȱ Theȱ researchȱwasȱ
carriedȱ outȱ atȱ theȱ Departmentȱ ofȱ Geosciencesȱ ofȱ Universityȱ ofȱ Osloȱ (UiO),ȱ andȱ theȱ
NorwegianȱGeotechnicalȱInstituteȱ(NGI).ȱ
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1.2ȱ Objectivesȱ
Theȱ generalȱ objectiveȱ ofȱ theȱ researchȱ wasȱ toȱ quantifyȱ theȱ riskȱ associatedȱ withȱ
earthquakeȬtriggeredȱ submarineȱ slidesȱ atȱ theȱ Lakachȱ deepwaterȱ siteȱ usingȱ theȱ availableȱ
geological,ȱgeophysical,ȱgeotechnicalȱandȱseismicȱdata.ȱ
Thisȱrequiredȱstudyingȱtheȱresponseȱofȱclayȱslopesȱunderȱearthquakeȱloading,ȱasȱwellȱasȱtheȱ
initiationȱprocessȱofȱ submarineȱ slopeȱ failures.ȱMoreover,ȱaȱ frequencyȱmodelȱofȱ submarineȱ
slopeȱ failuresȱ inȱ theȱ regionȱhadȱ toȱbeȱ establishedȱ toȱassessȱ theȱhazardȱandȱperformȱaȱ riskȱ
analysis.ȱ
Theȱquantificationȱofȱ theȱ consequencesȱ relatedȱ toȱ theȱearthquakeȬinducedȱ landslideȱ inȱ theȱ
Lakachȱfieldȱisȱpartȱofȱtheȱriskȱassessment.ȱTherefore,ȱanotherȱobjectiveȱofȱtheȱresearchȱwasȱ
theȱestimationȱofȱrunoutȱdistances,ȱfrontȱvelocitiesȱandȱimpactȱforcesȱofȱdebrisȱflowsȱagainstȱ
seabedȱ structures.ȱ Theȱ aboveȱ projectȬorientedȱ objectivesȱ wereȱ combinedȱ withȱ researchȬ
orientedȱobjectivesȱ toȱfillȱ theȱgapsȱ inȱ theȱcurrentȱstateȱofȱknowledge,ȱbyȱaccomplishingȱ theȱ
followingȱgoals.ȱ
x Identifyȱ theȱstateȬofȬtheȬartȱ inȱtheȱearthquakeȬinducedȱsubmarineȱslideȱriskȱanalysisȱ
byȱcarryingȱoutȱliteratureȱreviewȱfromȱrelevantȱinformationȱsources.ȱ
x Detectȱareasȱtoȱimproveȱandȱdevelopȱtheȱbodyȱofȱresearchȱinȱexistence.ȱTheȱareasȱthatȱ
wereȱidentifiedȱwithȱpotentialȱtoȱimproveȱtheȱstateȱofȱknowledgeȱareȱlistedȱbelow:ȱ
1. Quantifyȱ theȱ influenceȱ ofȱ contrastingȱ soilȱ boundariesȱ inȱ theȱ soilȱ profileȱ toȱ
induceȱslopeȱfailure.ȱ
2. Studyȱ theȱ evolutionȱ ofȱ theȱ slopeȱ stabilityȱ before,ȱ duringȱ andȱ afterȱ anȱ
earthquakeȱevent.ȱ
3. Developȱ alternativeȱproceduresȱ toȱ quantifyȱ theȱ reductionȱ ofȱ theȱundrainedȱ
shearȱstrengthȱdueȱtoȱcyclicȱdegradationȱandȱundrainedȱcreep.ȱ
4. Suggestȱaȱnewȱapproachȱtoȱquantifyȱtheȱseismicȱslopeȱfailureȱfrequency,ȱwithȱ
specialȱemphasisȱinȱtheȱestimationȱofȱtheȱannualȱfailureȱprobabilityȱ(AFP).ȱ
5. Developȱvulnerabilityȱ curvesȱ forȱoffshoreȱ structuresȱexposedȱ toȱdebrisȱ flowȱ
impact,ȱaimingȱtoȱquantifyȱtheȱconsequencesȱduringȱtheȱriskȱanalysis.ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
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1.3ȱ ThesisȱStructureȱ
ȱ Chapterȱ2ȱpresentsȱ theȱ centralȱ featuresȱofȱ theȱ seismicȱ slopeȱ stabilityȱassessmentȱ inȱ
thisȱresearch.ȱItȱprovidesȱtheȱgeological,ȱgeotechnicalȱandȱseismicȱdescriptionȱofȱtheȱLakachȱ
site,ȱwithȱ specialȱ attentionȱ inȱ theȱ characterizationȱofȱ theȱ continentalȱ shelfȱ andȱ continentalȱ
slope.ȱ Itȱ alsoȱ stressesȱ theȱ influenceȱ ofȱ soilȱ boundaryȱ interfacesȱ (preconditioningȱ factor),ȱ
togetherȱwithȱ theȱseismicȱactivity,ȱ inȱ theȱ slopeȱ failureȱ initiationȱprocess.ȱFinally,ȱchapterȱ2ȱ
highlightsȱtheȱimportanceȱofȱassessingȱtheȱstabilityȱevolutionȱofȱsubmarineȱslopesȱsubjectedȱ
toȱseismicȱloadingȱwithȱtheȱaimȱtoȱimproveȱtheȱcurrentȱslopeȱfailureȱpredictionȱcapacity.ȱThisȱ
assessmentȱinvolvesȱtheȱestimationȱofȱtheȱundrainedȱshearȱstrengthȱsu,ȱbeforeȱ(preȬseismic),ȱ
duringȱ(coȬseismic),ȱandȱafterȱ(postȬseismic)ȱtheȱearthquakeȱevent.ȱ
Journalȱpaperȱno.ȱ1ȱexploresȱinȱdetailȱtheȱtopicsȱpresentedȱinȱchapterȱ2.ȱMoreover,ȱconferenceȱ
paperȱno.ȱ1,ȱenclosedȱ inȱAppendixȱ1,ȱstudiesȱtheȱ influenceȱofȱtheȱthicknessȱofȱsoilȱcolumnsȱ
andȱtheȱstiffnessȱofȱhalfȬspacesȱinȱtheȱdynamicȱresponseȱofȱclayȱslopes.ȱReportȱno.ȱ1,ȱenclosedȱ
inȱAppendixȱ 6,ȱ examinesȱ theȱ basicȱ elementsȱ ofȱ seismicȱ stabilityȱ assessmentȱ ofȱ submarineȱ
slopes.ȱ
Chapterȱ3ȱpresentsȱtheȱprobabilisticȱapproachȱadoptedȱinȱthisȱstudyȱforȱearthquakeȬinducedȱ
slopeȱfailure,ȱwithȱspecialȱemphasisȱ inȱ theȱslopeȱfailureȱfrequencyȱmodel,ȱmudflowȱrunoutȱ
distance,ȱandȱtheȱconsequencesȱofȱmudflowȱimpactȱonȱoffshoreȱstructures.ȱ
Inȱ sectionȱ 3.1ȱ theȱ probabilityȱ ofȱ earthquakeȬinducedȱ slopeȱ failureȱ isȱ analysedȱ fromȱ anȱ
analyticalȱpointȱofȱview.ȱItȱdisplaysȱtheȱkeyȱelementsȱofȱtheȱprobabilisticȱapproachȱthatȱwereȱ
appliedȱ inȱ thisȱ researchȱ toȱ estimateȱ theȱ annualȱ failureȱprobabilityȱ (AFP):ȱ (1)ȱProbabilisticȱ
SeismicȱHazardȱAnalysisȱ(PSHA);ȱ(2)ȱGroundȱResponseȱAnalysis;ȱ(3)ȱAdvancedȱLaboratoryȱ
Tests;ȱandȱ(4)ȱFragilityȱCurveȱApproach.ȱTheȱFragilityȱCurveȱApproachȱthatȱwasȱdevelopedȱ
duringȱthisȱPhDȱprogrammeȱprovidesȱanȱalternativeȱmethodȱtoȱestimateȱtheȱAFPȱparameter.ȱ
Furtherȱ informationȱ aboutȱ thisȱ approachȱ isȱ presentedȱ inȱ journalȱ paperȱ no.ȱ 2.ȱ Americanȱ
Geophysicalȱ Unionȱ (AGU)ȱ conferenceȱ abstract,ȱ enclosedȱ inȱ Appendixȱ 5,ȱ exploresȱ theȱ
interpretationȱofȱtheȱFragilityȱCurveȱApproachȱresults.ȱ
Sectionȱ3.2ȱconsidersȱ theȱprobabilityȱofȱdebrisȱ flowȱ impactȱonȱseabedȱstructures,ȱassumingȱ
thatȱtheȱslopeȱfailureȱwillȱevolveȱintoȱaȱmassȱgravityȱflow.ȱTheȱpresentedȱmethodologyȱreliesȱ
onȱnumericalȱ simulationsȱofȱdebrisȱ flowsȱ toȱpredictȱ runoutȱdistances,ȱ frontȱvelocities,ȱandȱ
thicknessȱofȱtheȱdebrisȱflowȱinȱtheȱtimeȱandȱspaceȱdomains.ȱItȱalsoȱshowsȱtheȱimplementationȱ
ofȱ theȱMonteȱ Carloȱ simulationȱmethodȱ inȱ theȱ numericalȱ simulationsȱ toȱ accountȱ forȱ theȱ
uncertaintiesȱinȱtheȱinputȱparametersȱofȱtheȱnumericalȱmodel.ȱTheȱapplicationȱofȱtheȱMonteȱ
Carloȱmethodȱinȱtheȱnumericalȱsimulationsȱallowsȱtheȱgenerationȱofȱprobabilityȱdistributionȱ
functionsȱofȱrunoutȱdistance,ȱmudflowȱfrontȱvelocity,ȱandȱmudflowȱthicknessȱwithȱtheȱaimȱ
toȱ estimateȱ theȱ probabilityȱ ofȱ debrisȱ flowȱ impactȱ onȱ seabedȱ structuresȱ andȱ theirȱ
consequences.ȱ Symposiumȱ paperȱ no.ȱ 3,ȱ enclosedȱ inȱ Appendixȱ 4,ȱ exploresȱ theȱ modelȱ
uncertaintyȱofȱtheȱcomputerȱcodeȱBINGȱusedȱinȱtheȱnumericalȱanalyses.ȱ
Sectionȱ3.3ȱpresentsȱtheȱestimationȱofȱtheȱdirectȱconsequencesȱofȱslopeȱfailureȱinȱtheȱLakachȱ
project,ȱ byȱ developingȱ vulnerabilityȱ curvesȱ ofȱ theȱ elementsȱ atȱ riskȱ (Manifoldȱ Southȱ andȱ
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ManifoldȱNorth).ȱSectionȱ3.4ȱmakesȱtheȱintegrationȱofȱresultsȱfromȱsectionȱ3.1ȱtoȱsectionȱ3.3ȱ
toȱquantifyȱtheȱriskȱinȱtheȱLakachȱprojectȱbyȱusingȱtheȱclassicalȱdefinitionȱofȱriskȱ(i.e.ȱRiskȱ=ȱ
Hazardȱ uȱ Consequences).ȱ Journalȱ paperȱ no.ȱ 3ȱ examinesȱ theȱ riskȱ analysisȱ procedureȱ forȱ
Lakachȱsiteȱ inȱdetail.ȱSymposiumȱpapersȱno.ȱ1ȱandȱ2,ȱenclosedȱrespectivelyȱ inȱAppendixȱ2ȱ
andȱAppendixȱ3,ȱalsoȱexploreȱtheȱseismicȱslopeȱfailureȱriskȱanalysisȱprocedures.ȱ
Chapterȱ 4ȱ presentsȱ theȱ mainȱ findingsȱ ofȱ thisȱ researchȱ programme,ȱ andȱ chapterȱ 5ȱ theȱ
conclusionsȱandȱrecommendationsȱforȱfutureȱwork.ȱ
ȱ
ȱ ȱ
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Chapterȱ2ȱ
2.ȱ SEISMICȱSLOPEȱSTABILITYȱASSESSMENTȱ
2.1SiteȱCharacterizationȱ
2.1.1ȱ GeologicalȱSettingȱ
Theȱareaȱunderȱinvestigationȱextendsȱonȱbothȱsidesȱofȱtheȱcontinentalȱshelfȱbreakȱonȱ
theȱsouthernȱmarginȱofȱtheȱGulfȱofȱMexicoȱ(Fig.ȱ1).ȱAȱrelativelyȱwideȱcontinentalȱshelfȱwithȱ
gentleȱslopeȱextendingȱ intoȱdeepwaterȱcharacterizesȱtheȱcontinentalȱmargin.ȱTheȱsedimentsȱ
formȱaȱmixtureȱofȱsiliciclasticȱandȱcarbonateȱcomponents.ȱTheȱdominantȱregionalȱgeologicalȱ
processesȱincludeȱnormalȱdepositionȱofȱsediments,ȱslopeȱfailuresȱandȱdepositionalȱprocessesȱ
associatedȱtoȱmassȱtransportation,ȱfaulting,ȱandȱoceanographicȱprocessesȱsuchȱasȱwavesȱandȱ
currents.ȱ Secondaryȱ geologicalȱ processesȱ mayȱ includeȱ lowȱ frequencyȱ volcanismȱ andȱ
earthquakeȱeventsȱ(FugroȱGeoConsultingȱ2009).ȱ
Waterȱdepthȱincreasesȱfromȱ76ȱmȱonȱtheȱcontinentalȱshelf,ȱinȱtheȱsouthernȱpartȱofȱtheȱstudyȱ
area,ȱtoȱaboutȱ1,490ȱmȱinȱtheȱnorthernȱportionȱofȱdeepwater.ȱSeafloorȱgradientsȱareȱaboutȱ1ȱ
degreeȱorȱ lessȱonȱ theȱcontinentalȱshelf,ȱaboutȱ3ȱdegreesȱonȱ theȱcontinentalȱslope,ȱandȱmayȱ
locallyȱ exceedȱ 24ȱ degreesȱ inȱ geologicalȱ featuresȱ withȱ steepȱ sidesȱ onȱ theȱ seabed.ȱ Theȱ
morphologicalȱ featuresȱ ofȱ theȱ seabedȱ includeȱ lowȱ reliefȱ faultingȱ andȱ faultȱ scarps,ȱ andȱ aȱ
seafloorȱ fromȱ ȈhummockyȈȱ toȱ wavyȱ typeȱ relatedȱ toȱ buriedȱ massȱ transportȱ depositsȱ inȱ
Pleistoceneȱperiodȱ(FugroȱGeoConsultingȱ2009).ȱ
ȱ
Figureȱ1.ȱGeologicalȱmodelȱofȱSiteȱ1,ȱandȱ slopeȱunderȱ investigationȱ inȱ theȱGulfȱofȱMexicoȱ
(modifiedȱafterȱFugroȱGeoConsultingȱ2009).ȱ
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2.1.2ȱ GeotechnicalȱSettingȱ
Theȱ seabedȱ soilsȱ onȱ theȱ continentalȱ slopeȱ consistȱ ofȱ calcareousȱ claysȱ rangingȱ inȱ
consistenceȱ fromȱ veryȱ softȱ toȱ hardȱ withȱ depth.ȱ Mostȱ ofȱ theseȱ soilsȱ areȱ stratifiedȱ andȱ
interbeddedȱ withȱ debrisȱ flowȱ depositsȱ overlayingȱ massȱ transportȱ sediments.ȱ Inȱ theȱ
continentalȱ shelf,ȱ theȱ seabedȱ andȱ shallowȱ soilsȱ consistȱ ofȱ veryȱ softȱ clays,ȱ andȱ inȱ theȱ
overconsolidatedȱ soilȱ outcropȱ areaȱ theȱ soilsȱ areȱmainlyȱ calcareousȱ sandsȱwithȱ carbonateȱ
skeletalȱmaterialsȱandȱcementedȱcarbonateȱaggregatesȱ(FugroȱGeoConsultingȱ2009).ȱ
Inȱgeneral,ȱtheȱsoilsȱinȱtheȱareaȱcanȱbeȱcharacterisedȱinȱthreeȱsoilȱunits.ȱTheȱsoilsȱfromȱUnitȱ1ȱ
consistȱ ofȱ shallowȱ soils,ȱ mostlyȱ stratifiedȱ unconsolidated,ȱ whichȱ areȱ youngerȱ thanȱ theȱ
erosiveȱ surfaceȱ identifiedȱ inȱ theȱ CPTȱ dataȱ (theȱ shallowȱ horizon).ȱ Theȱ variabilityȱ inȱ theȱ
thicknessȱofȱthisȱunitȱnearȱtheȱprominentȱsedimentȱevacuationȱrouteȱisȱattributedȱinȱpartȱtoȱ
theȱlossȱofȱsedimentsȱbyȱevacuationȱeventsȱdueȱtoȱslopeȱfailuresȱduringȱtheȱPleistoceneȱandȱ
Holocene.ȱTheȱ soilsȱ fromȱUnitȱ2ȱ consistȱofȱ stratifiedȱ soilsȱ containingȱdebrisȱ flowȱdeposits,ȱ
andȱareȱ locatedȱ fromȱ theȱshallowȱhorizonȱ toȱ theȱ topȱ regionalȱmassȱ transportȱdepositsȱ (theȱ
deepȱhorizon).ȱUnitȱ3ȱsoilsȱconsistȱmostlyȱofȱmassȱtransportȱdeposits,ȱandȱareȱ locatedȱfromȱ
theȱdeepȱhorizonȱtoȱ200ȱmȱbelowȱtheȱseabedȱ(FugroȱGeoConsultingȱ2009).ȱ
Inȱsituȱandȱ laboratoryȱ testsȱofȱsedimentsȱ fromȱ theȱsiteȱ identifyȱ themȱasȱcohesiveȱmaterialsȱ
classifiedȱasȱhighȱplasticityȱclays,ȱcalcareousȱsoilsȱwithȱcarbonateȱcontentȱbetweenȱ11ȱtoȱ23%.ȱ
Theȱpredominantȱ clayȱmineralȱ isȱmontmorilloniteȱ followedȱ byȱ illite,ȱ andȱ theȱ totalȱofȱ clayȱ
componentȱisȱaboutȱ60ȱpercentȱofȱtheȱfinesȱ(FugroȱChanceȱdeȱMéxicoȱ2009).ȱ
Laboratoryȱsoilȱsensitivityȱvariesȱ fromȱ3ȱ toȱ5ȱupȱ toȱ20ȱmȱbelowȱseafloor,ȱandȱ fromȱ1.5ȱ toȱ3ȱ
beneathȱ20ȱm.ȱTheȱestimatedȱOCR’sȱindicateȱthatȱtheȱcohesiveȱsoilsȱinȱgeneralȱfluctuateȱfromȱ
normallyȱconsolidatedȱtoȱslightlyȱoverconsolidateȱ(FugroȱChanceȱdeȱMéxicoȱ2009).ȱ
2.1.3ȱ SeismicȱSettingȱ
TheȱBayȱofȱCampecheȱisȱlocatedȱinȱaȱregionȱofȱmoderateȱtoȱhighȱseismicȱactivity.ȱItȱisȱ
aȱ relativelyȱpassiveȱ tectonicȱ area,ȱbutȱ itȱ isȱ locatedȱ aȱ fewȱhundredȱkilometresȱnorthȱofȱ theȱ
activeȱtripleȱ junctionȱamongȱplateȱboundariesȱofȱNorthȱAmericaȱplate,ȱCaribbeanȱplateȱandȱ
Cocosȱ plate.ȱMostȱ seismicȱ activityȱ inȱ theȱ regionȱ isȱ relatedȱ toȱ subductionȱmarginsȱ alongȱ
convergentȱCocosȱplateȱ(subducted)ȱandȱNorthȱAmericaȱplate,ȱasȱwellȱasȱtheȱslidingȱprocessȱ
inȱtheȱtransformȱplateȱboundariesȱbetweenȱtheȱNorthȱAmericaȱplateȱandȱtheȱCaribbeanȱplateȱ
(Fig.ȱ2)ȱ(Geomatrixȱ2006).ȱ
TheȱTransȬMexicanȱVolcanicȱBeltȱ isȱ relatedȱ toȱ theȱnorthernȱsectionȱofȱ theȱsubductionȱzoneȱ
whereȱ theȱNorthȱAmericanȱ plateȱ isȱ subductingȱ theȱCocosȱ plateȱ alongȱ theȱMesoamericanȱ
trench.ȱThisȱmostlyȱcalcareousȬalkalineȱactiveȱvolcanicȱarcȱhasȱanȱEastȬWestȱdirectionȱalongȱ
centralȱMexico,ȱfromȱtheȱPacificȱOceanȱtoȱtheȱGulfȱofȱMexicoȱ(SuarezȱandȱSinghȱ1986;ȱNixonȱ
1982).ȱTheȱsouthȬeasternȱendȱofȱthisȱvolcanicȱregionȱthatȱisȱcloseȱtoȱtheȱBayȱofȱCampeche,ȱisȱ
TuxtlaȱVolcanicȱComplex,ȱwhichȱhasȱhadȱvolcanicȱeruptions.ȱTheȱTransȬMexicanȱVolcanicȱ
Beltȱ isȱ characterizedȱbyȱnormalȱ faults,ȱonȱ theȱQuaternaryȱperiod,ȱwithȱwestȬeastȱdirectionȱ
andȱtheȱdevelopmentȱofȱhorstȱandȱgrabenȱgeologicalȱstructuresȱ(Geomatrixȱ2006).ȱ
ȱ
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ȱ
Figureȱ 2.ȱHistoricȱ seismicityȱ inȱMexicoȱ (modifiedȱ afterȱ Unitedȱ Statesȱ Geologicalȱ Surveyȱ
2014).ȱTheȱmapȱshowsȱ theȱepicentresȱofȱearthquakeȱeventsȱofȱmagnitudeȱequalȱ toȱorȱ largerȱ
thanȱMȱ6ȱfromȱ1900ȱtoȱ2012.ȱTheȱsubductionȱzoneȱfromȱtheȱPacificȱOcean,ȱactiveȱvolcanoes,ȱ
andȱ theȱ transformȱ zoneȱ fromȱ theȱCaribbeanȱ Seaȱ areȱ importantȱ sourcesȱofȱ seismicȱ activityȱ
nearȱtheȱSiteȱ1.ȱ
2.2ȱ ContrastsȱinȱGeotechnicalȱSoilȱPropertiesȱ
Theȱ initiationȱ processȱ ofȱ submarineȱ slopeȱ failuresȱ inȱ activeȱ marginsȱ isȱ oftenȱ
associatedȱwithȱ theȱ combinationȱ ofȱ seismicȱ activityȱ andȱ preconditioningȱ factorsȱ likeȱ theȱ
formationȱofȱsoilȱlayerȱinterfacesȱbetweenȱcontrastingȱsoilȱgeotechnicalȱpropertiesȱthatȱformȱ
potentialȱ slidingȱ failureȱ surfacesȱ (L’Heureuxȱ etȱ al.ȱ 2012;ȱ Locatȱ andȱ Leeȱ 2009;ȱ Brynȱ etȱ al.ȱ
2005a;ȱBrynȱetȱal.ȱ2005b;ȱSolheimȱetȱal.ȱ2005a;ȱNorwegianȱGeotechnicalȱInstituteȱ1997).ȱTheseȱ
soilȱlayerȱinterfacesȱcanȱbeȱfoundȱinȱtheȱsoilȱprofileȱformingȱone,ȱtwoȱorȱmoreȱsoilȱboundariesȱ
inȱtheȱsoilȱmass.ȱ
2.2.1ȱ OneȱSoilȱBoundaryȱ
Theȱjournalȱpapersȱno.ȱ2ȱandȱno.ȱ3ȱproposedȱrespectivelyȱaȱhazardȱanalysisȱandȱaȱriskȱ
analysis,ȱ relatedȱ toȱ theȱ stabilityȱofȱaȱsubmarineȱslopeȱdealingȱwithȱoneȱboundaryȱbetweenȱ
twoȱ soilȱ unitsȱ withȱ contrastingȱ geotechnicalȱ properties.ȱ Theȱ soilȱ boundary,ȱ whichȱ mayȱ
induceȱaȱshallowȱslide,ȱisȱlocatedȱaboutȱ8ȱmȱdepthȱfromȱtheȱseafloor.ȱ
Thisȱtypeȱofȱsoilȱinterfaceȱisȱcommonȱinȱtheȱmarineȱenvironment,ȱandȱitȱisȱformedȱdueȱtoȱtheȱ
interactionȱ ofȱ normallyȱ consolidatedȱ soilsȱ (NC)ȱ overlyingȱ overconsolidatedȱ soilsȱ (OC),ȱ
resemblingȱaȱ“young”ȱsoftȱclayȱdrapeȱcoveringȱagingȱsoils.ȱThisȱtypeȱofȱslideȱsurfaceȱcanȱbeȱ
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modelledȱusingȱanȱinfiniteȱslopeȱmodelȱ(Nadimȱetȱal.ȱ2003).ȱTheseȱboundariesȱbetweenȱ“old”ȱ
andȱ “young”ȱ soilȱ layersȱ areȱ formedȱ dueȱ toȱ theȱ depositionȱ ofȱ soilȱ sedimentsȱ overȱ slideȱ
surfacesȱleadingȱtoȱtheȱformationȱofȱoverconsolidatedȱsoilsȱbeneathȱthem.ȱ
2.2.2ȱ TwoȱSoilȱBoundariesȱ
Aȱsoilȱ layerȱwithȱcontrastingȱgeotechnicalȱpropertiesȱcomparedȱtoȱtheȱneighbouringȱ
soilȱlayers,ȱusuallyȱwithȱlowerȱshearȱstrengthȱandȱstiffness,ȱlocatedȱintoȱtheȱsoilȱprofileȱcanȱbeȱ
identifiedȱasȱaȱweakȱ layerȱ(Locatȱetȱal.ȱ2013).ȱWeakȱlayersȱareȱgettingȱmoreȱattentionȱinȱtheȱ
geoȬsciencesȱ andȱ geoȬengineeringȱ communitiesȱ dueȱ toȱ theirȱ contributionȱ inȱ theȱ initiationȱ
processȱofȱslopeȱfailuresȱonȱlandȱandȱoffshoreȱenvironmentsȱ(Locatȱetȱal.ȱ2013;ȱL’Heureuxȱetȱ
al.ȱ2012;ȱPicarelliȱetȱal.ȱ2012;ȱUrgelesȱetȱal.ȱ2007;ȱCamerlenghiȱetȱal.ȱ2007).ȱHowever,ȱdespiteȱ
theirȱintuitivelyȱrelevantȱroleȱinȱtheȱinitiationȱprocessȱofȱslopeȱfailures,ȱtheȱfirstȱattemptȱtoȱsetȱ
aȱdefinitionȱofȱ“weakȱlayer”ȱfromȱaȱgeotechnicalȱpointȱofȱviewȱwasȱdoneȱrecentlyȱbyȱLocatȱetȱ
al.ȱ(2013).ȱ
Theȱjournalȱpaperȱno.ȱ1ȱquantifiesȱtheȱeffectȱofȱaȱweakȱlayer,ȱlocatedȱatȱ25ȱmȱdepthȱfromȱtheȱ
seafloor,ȱinȱtheȱstabilityȱofȱaȱsubmarineȱslope.ȱPaperȱno.ȱ1ȱshowsȱthroughȱnumericalȱanalysesȱ
theȱnegativeȱeffectȱofȱweakȱ layersȱonȱ theȱstabilityȱofȱsubmarineȱslopesȱbefore,ȱduring,ȱandȱ
afterȱanȱearthquakeȱevent.ȱ
2.3ȱ EvolutionȱofȱSeismicȱSlopeȱStabilityȱ
Whenȱdealingȱwithȱtheȱstabilityȱofȱsubmarineȱslopes,ȱitȱisȱimportantȱtoȱassessȱtheȱspatialȱ
andȱ temporalȱ stability,ȱ especiallyȱwhenȱ oneȱwantsȱ toȱ goȱ furtherȱ inȱ theȱ stabilityȱ analysisȱ
accountingȱforȱtheȱhazardȱandȱriskȱassociatedȱtoȱtheȱslopeȱfailure.ȱJournalȱpapersȱno.ȱ1,ȱ2ȱandȱ
3ȱaccountȱ forȱ theȱ slopeȱ stabilityȱ inȱ theȱ spaceȱ andȱ timeȱdimensionsȱbyȱanalysingȱ theȱ slopeȱ
stabilityȱ beforeȱ (preȬseismic),ȱ duringȱ (coȬseismic),ȱ anȱ afterȱ (postȬseismic)ȱ anȱ earthquakeȱ
eventȱ(Fig.ȱ3).ȱInȱgeneral,ȱ theȱslopeȱstabilityȱapproachȱ thatȱwasȱappliedȱ isȱaȱcombinationȱofȱ
numericalȱmodellingȱ andȱ advanceȱ laboratoryȱ testing.ȱ Thisȱ approachȱ hasȱ shownȱ toȱ beȱ anȱ
efficientȱ techniqueȱ toȱovercomeȱ theȱcurrentȱ limitationsȱ inȱ theȱnumericalȱmodelsȱ toȱpredictȱ
theȱdegradationȱofȱundrainedȱshearȱstrengthȱdueȱ toȱ theȱgenerationȱofȱexcessȱporeȱpressureȱ
andȱstrainȱsofteningȱduringȱcyclicȱloadingȱ(Nadimȱetȱal.ȱ2014;ȱAndersenȱetȱal.ȱ2012).ȱ
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ȱ
Figureȱ3.ȱEvolutionȱofȱseismicȱslopeȱstability.ȱTheȱcurvesȱshowȱtheȱquantificationȱofȱdifferentȱ
statesȱofȱstabilityȱofȱaȱsubmarineȱslopeȱinȱtheȱGulfȱofȱMexicoȱthroughoutȱtheȱdifferentȱseismicȱ
phases:ȱBeforeȱEQȱ(preȬseismic),ȱDuringȱEQȱ(coȬseismic),ȱAfterȱEQȱ(postȬseismic);ȱandȱassessȱ
theȱinfluenceȱofȱaȱweakȱlayerȱonȱitsȱstability.ȱ
ȱ
2.3.1ȱ PreȬSeismicȱStabilityȱ
Theȱ stabilityȱofȱ submarineȱ slopesȱ isȱanalysedȱbeforeȱanȱearthquakeȱeventȱbasedȱonȱ
traditionalȱnumericalȱmethodsȱlikeȱtheȱlimitȱequilibriumȱmethodȱ(LEM)ȱorȱtheȱfiniteȱelementȱ
methodȱ(FEM)ȱandȱusingȱtheȱsoilȱpropertiesȱunderȱmonotonicȱloadingȱsuchȱasȱtheȱundrainedȱ
shearȱstrengthȱsu.ȱTheȱstabilityȱstatusȱofȱtheȱslopeȱisȱtypicallyȱquantifiedȱbasedȱonȱtheȱfactorȱ
ofȱ safetyȱ (FS),ȱwhichȱ isȱ theȱ ratioȱbetweenȱ theȱ resistanceȱ forcesȱandȱ theȱdrivingȱ forces.ȱTheȱ
preȬseismicȱ factorȱofȱ safetyȱ isȱ consideredȱaȱ referenceȱmeasureȱofȱ theȱ initialȱ stabilityȱofȱ theȱ
slope.ȱ
2.3.2ȱ CoȬSeismicȱStabilityȱ
Atȱthisȱstageȱtheȱstabilityȱofȱtheȱsubmarineȱslopeȱisȱanalysedȱjustȱafterȱtheȱearthquakeȱ
eventȱhasȱ finished,ȱandȱaccountsȱ forȱ theȱdegradationȱofȱ theȱ soilȱundrainedȱ shearȱ strengthȱ
dueȱ toȱ theȱ disturbanceȱ ofȱ theȱ soilȱ structure,ȱ excessȱ poreȱ pressureȱ generationȱ andȱ strainȱ
softeningȱeffects.ȱTheȱdegradationȱofȱtheȱundrainedȱshearȱstrengthȱwasȱquantifiedȱbasedȱonȱ
1ȬDȱandȱ2ȬDȱ responseȱanalysesȱ inȱ combinationȱwithȱ laboratoryȱ tests.ȱTheȱnumericalȱcodesȱ
AMPLEȱ (Nadimȱ 1985)ȱ andȱ PLAXISȱ 2Dȱ (Brinkgreveȱ 2011)ȱwereȱ usedȱ toȱ performȱ groundȱ
responseȱ analysesȱ inȱ oneȱ andȱ twoȱ dimensionsȱ respectively.ȱ Inȱ journalȱ paperȱ no.ȱ 2,ȱ theȱ
Andersenȱetȱal.ȱ (2012)ȱapproachȱwasȱusedȱ inȱconjunctionȱwithȱavailableȱmonotonicȱsimpleȱ
directȱ shearȱ testȱ results,ȱ fromȱ sampledȱ soilsȱatȱ theȱ site,ȱ toȱ estimateȱ theȱ soilȱ shearȱ strengthȱ
degradationȱ afterȱ earthquakeȱ loading.ȱ Alternatively,ȱ inȱ journalȱ paperȱ no.ȱ 1ȱ Failureȱ
InteractionȱDiagramsȱ(FID’s)ȱwereȱproposedȱtoȱquantifyȱtheȱshearȱstrengthȱdegradationȱ(Fig.ȱ
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4).ȱThisȱapproachȱwasȱproposedȱwhenȱtheȱcomputedȱpermanentȱearthquakeȬinducedȱshearȱ
strainsȱareȱ smallerȱ thanȱ theȱ shearȱ strainȱatȱ theȱpeakȱ stressȱ inȱ theȱ stressȬstrainȱ curves.ȱTheȱ
stressȬstrainȱ curvesȱ canȱ beȱ obtainedȱ fromȱ simpleȱ directȱ shearȱ testsȱ orȱ equivalentȱ soilȱ
resistanceȱtestsȱ(FugroȱChanceȱdeȱMéxicoȱ2009).ȱ
Theȱdynamicȱresponseȱanalysesȱshowedȱaȱconcentrationȱofȱ largerȱdisplacementsȱ inȱtheȱsoftȱ
sideȱ ofȱ theȱ soilȱ interfacesȱ thanȱ inȱ theȱ restȱ ofȱ theȱ soilȱ column.ȱThisȱ isȱ congruentȱwithȱ theȱ
propagationȱofȱshearȱwavesȱ theory.ȱWhenȱ incidentȱwavesȱ travelingȱfromȱ theȱbedrockȱ(halfȱ
space)ȱ toȱ theȱseafloorȱ findȱ inȱ theirȱwayȱrelevantȱsoilȱ interfacesȱ [i.e.ȱchangeȱ fromȱmaterialȱ1ȱ
(hardȱsoil)ȱtoȱmaterialȱ2ȱ(softȱsoil)]ȱtheȱdisplacementȱamplitudeȱofȱtheȱtransmittedȱwaveȱwillȱ
beȱlargerȱthanȱtheȱincidentȱwave.ȱTheȱdifferenceȱinȱdisplacementȱamplitudeȱisȱaȱfunctionȱofȱ
theȱcontrastȱ inȱstiffnessȱ (Gmax)ȱandȱdensityȱ (U)ȱofȱ theȱ twoȱsoilȱ layers,ȱandȱcanȱbeȱquantifiedȱ
basedȱonȱtheȱimpedanceȱratioȱcoefficientȱ(Dz),ȱwhereȱtheȱsmallerȱtheȱcoefficientȱtheȱlargerȱtheȱ
contrastȱ(Kramerȱ1996).ȱ
IfȱtheȱclayȱlayersȱinȱtheȱsubmarineȱslopeȱexhibitȱsignificantȱstrainȬsofteningȱbehaviourȱduringȱ
theȱearthquakeȱ loading,ȱ itȱmayȱbeȱpossibleȱ thatȱslopeȱ failureȱoccursȱduringȱ theȱearthquakeȱ
event.ȱThisȱtypeȱofȱslopeȱfailureȱwasȱdescribedȱbyȱBiscontinȱetȱal.ȱ(2004)ȱinȱScenarioȱ1,ȱwhichȱ
isȱoneȱofȱtheȱthreeȱproposedȱslopeȱfailureȱscenariosȱbasedȱonȱgroundȱresponseȱanalysesȱusingȱ
effectiveȱanalysisȱSIMPLEȱDSSȱconstitutiveȱmodel.ȱ
ȱ
Figureȱ4.ȱFailureȱInteractionȱDiagramsȱ(FID’s),ȱbasedȱonȱcyclicȱtriaxialȱtestsȱwereȱproposedȱtoȱ
quantifyȱtheȱshearȱstrengthȱdegradation.ȱThisȱapproachȱwasȱsuggestedȱwhenȱtheȱpermanentȱ
earthquakeȬinducedȱshearȱstrainsȱareȱsmallerȱthanȱ theȱshearȱstrainȱatȱ theȱpeakȱstressȱ inȱtheȱ
stressȬstrainȱcurvesȱ(modifiedȱafterȱFugroȱChanceȱdeȱMéxicoȱ2009).ȱ
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2.3.3ȱ PostȬSeismicȱStabilityȱ
Theȱ postȬseismicȱ slopeȱ stabilityȱ accountsȱ forȱ theȱ additionalȱ reductionȱ ofȱ shearȱ
strengthȱinȱtheȱsoilȱlayersȱthatȱwereȱsubjectedȱtoȱlargeȱdeformationsȱ(i.e.ȱearthquakeȬinducedȱ
shearȱstrainȱlargerȱthanȱshearȱstrainȱatȱtheȱpeakȱstressȱofȱstressȬstrainȱcurves).ȱThisȱadditionalȱ
soilȱstrengthȱreductionȱisȱbasedȱonȱundrainedȱcreepȱ(i.e.ȱongoingȱdeformationȱbeforeȱexcessȱ
poreȱ pressureȱ dissipationȱ underȱ constantȱ load)ȱ andȱ affectsȱ mainlyȱ theȱ soilȱ layersȱ withȱ
remainingȱshearȱstrengthȱvalueȱcloseȱenoughȱtoȱtheȱactingȱgravityȱforcesȱonȱtheȱclayȱslope.ȱ
Moreover,ȱ Andersenȱ etȱ al.ȱ (2012)ȱ showedȱ experimentallyȱ thatȱ theȱ cyclicȱ effectȱ beforeȱ
undrainedȱcreepȱcouldȱ leadȱ toȱ failureȱatȱ theȱsameȱ loadȱ levelȱwhereȱsoilȱsamplesȱ thatȱwereȱ
notȱsubjectedȱtoȱcyclicȱloadingȱbeforeȱperformingȱtheȱundrainedȱcreepȱtestȱdidȱnotȱfail.ȱ
Currently,ȱ theȱshearȱstrengthȱreductionȱdueȱ toȱundrainedȱcreepȱcanȱbeȱestimatedȱbasedȱonȱ
Andersenȱetȱal.ȱ(2012)ȱapproach,ȱwhoȱproposedȱanȱadditionalȱreductionȱofȱ15Ȭ25%ȱofȱtheȱcoȬ
seismicȱshearȱstrengthȱtoȱaccountȱforȱtheȱfittingȱbetweenȱtheȱmonotonicȱandȱcyclicȱcurves,ȱasȱ
wellȱasȱtheȱ(negative)ȱshearȱrateȱeffectȱdueȱtoȱundrainedȱcreep.ȱ
AccordingȱtoȱHavelȱ(2004),ȱfailureȱcouldȱhappenȱunderȱdistortionȱcreepȱifȱtheȱsoilȱreachesȱtheȱ
secondaryȱcreepȱphase.ȱTheȱlimitȱbetweenȱtheȱprimaryȱandȱsecondaryȱphasesȱofȱcreepȱcanȱbeȱ
estimatedȱusingȱtheȱshearȱstressȱratioȱW/WfȱproposedȱbyȱMeschyanȱ(1995)ȱbasedȱonȱdeviatoricȱ
creepȱresultsȱinȱclay.ȱAccordingȱtoȱMeschyanȱtestȱresults,ȱtheȱlimitȱbetweenȱtheȱdevelopmentȱ
ofȱtheȱprimaryȱandȱsecondaryȱphasesȱofȱcreepȱisȱbetweenȱ0.4ȱandȱ0.55ȱofȱtheȱshearȱstressȱratioȱ
W/Wf,ȱwhereȱWȱisȱtheȱmobilisedȱshearȱstressȱandȱWfȱisȱtheȱclayȱshearȱstrength.ȱ
Inȱjournalȱpaperȱno.ȱ1,ȱaȱnewȱinterpretationȱofȱcreepȱtestsȱperformedȱonȱDirectȱSimpleȱShearȱ
Apparatusȱwasȱproposedȱ toȱquantifyȱ theȱ additionalȱdegradationȱofȱ shearȱ strengthȱdueȱ toȱ
undrainedȱ creep,ȱwhenȱ strainȱ softeningȱ isȱ notȱ expectedȱ inȱ theȱ clayȱ layers.ȱ Theȱ proposedȱ
interpretation,ȱopenȱtoȱdiscussion,ȱexploitsȱtheȱapparentlyȱdecreasingȱtendencyȱofȱtheȱshearȱ
stressȱwithȱcreepȱtimeȱtoȱforecastȱundrainedȱshearȱstrengthȱasȱaȱfunctionȱofȱtheȱcreepȱtime,ȱ
byȱfollowingȱtheȱfailureȱcurveȱ(i.e.,ȱredȱcurveȱJȱ=ȱ15%)ȱ(FugroȱChanceȱdeȱMéxicoȱ2009).ȱ
Journalȱpaperȱno.ȱ2ȱshowedȱthat,ȱtheȱshorterȱtheȱreturnȱperiodȱofȱtheȱearthquake,ȱtheȱgreaterȱ
theȱdifferenceȱbetweenȱ theȱcoȬseismicȱandȱ theȱpostȬseismicȱconditionalȱ failureȱprobabilitiesȱ
(Tableȱ1).ȱThisȱimpliesȱthatȱtheȱrelativeȱprobabilityȱofȱslopeȱfailureȱbasedȱonȱundrainedȱcreepȱ
increasesȱ inȱ lowȱmagnitudeȱ earthquakesȱ (frequentȱmotions),ȱwhichȱ isȱ consistentȱwithȱ theȱ
hypothesisȱofȱ someȱ researchersȱwhoȱ suggestȱ thatȱundrainedȱ creepȱ isȱ theȱmainȱ reasonȱ forȱ
underwaterȱslopeȱfailures.ȱThisȱtypeȱofȱslopeȱfailureȱwasȱdescribedȱbyȱBiscontinȱetȱal.ȱ(2004)ȱ
inȱScenarioȱ 3,ȱwhichȱ isȱoneȱofȱ theȱ threeȱproposedȱ slopeȱ failureȱ scenariosȱbasedȱonȱgroundȱ
responseȱanalysesȱusingȱeffectiveȱanalysisȱSIMPLEȱDSSȱconstitutiveȱmodel.ȱ
Itȱ isȱbelievedȱ thatȱ theȱ failureȱofȱ submarineȱ slopesȱdueȱ toȱundrainedȱ creepȱmayȱ takeȱdays,ȱ
weeks,ȱmonthsȱorȱevenȱseveralȱyearsȱafterȱtheȱstrikeȱofȱanȱearthquake.ȱ
ȱ
ȱ
ȱ
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Tableȱ1.ȱConditionalȱprobabilityȱofȱslopeȱfailure.ȱ
ReturnȱPeriodȱ
Earthquakeȱ
(years)ȱ
PeakȱGroundȱ
Accelerationȱ(g)ȱ
CoȬSeismicȱ
Conditionalȱ
Failureȱ
Probabilityȱ
PostȬSeismicȱ
Conditionalȱ
Failureȱ
Probabilityȱ
Conditionalȱ
RelativeȱIncreaseȱ
inȱFailureȱ
ProbabilityȱDueȱ
toȱUndrainedȱ
Creepȱ(times)ȱ
1,000ȱ 0.155ȱ 0.01ȱ 0.08ȱ 8.00ȱ
5,000ȱ 0.280ȱ 0.11ȱ 0.23ȱ 2.09ȱ
10,000ȱ 0.355ȱ 0.22ȱ 0.32ȱ 1.45ȱ
100,000ȱ 0.730ȱ 0.48ȱ 0.53ȱ 1.10ȱ
ȱ
ȱ ȱ
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Chapterȱ3ȱ
3.ȱ HAZARDȱANDȱRISKȱANALYSISȱOFȱEARTHQUAKEȬ
INDUCEDȱSLOPEȱFAILUREȱ
3.1ȱ ProbabilityȱofȱEarthquakeȬInducedȱSlopeȱFailureȱ(AnalyticalȱApproach)ȱ
Toȱestimateȱtheȱriskȱassociatedȱwithȱtheȱfailureȱofȱsubmarineȱslopes,ȱitȱisȱimperativeȱ
toȱ quantifyȱ theȱ hazardȱ andȱ theȱ consequences.ȱ Hazardȱ analysisȱ concerningȱ earthquake–
triggeredȱsubmarineȱslopeȱfailureȱ isȱnotȱaȱtrivialȱproblemȱdueȱtoȱ theȱ lackȱofȱ informationȱ toȱ
establishȱtheȱfrequencyȱmodel.ȱThisȱsectionȱpresentsȱtheȱkeyȱelementsȱofȱtheȱproposedȱslopeȱ
failureȱ Fragilityȱ Curveȱ procedureȱ developedȱ inȱ journalȱ paperȱ no.ȱ 2,ȱ toȱ performȱ hazardȱ
analysesȱrelatedȱtoȱtheȱfailureȱofȱsubmarineȱslopesȱinducedȱbyȱseismicȱactivity.ȱ
3.1.1ȱ ProbabilisticȱSeismicȱHazardȱAnalysisȱ(PSHA)ȱ
Amongȱtheȱdiverseȱcausesȱofȱslopeȱfailuresȱinȱoffshoreȱenvironments,ȱearthquakesȱareȱ
recognizedȱasȱoneȱofȱtheȱmainȱtriggersȱofȱsubmarineȱslopeȱfailuresȱinȱactiveȱmarginsȱ(Urlaubȱ
2013;ȱHanceȱ 2003;ȱ Locatȱ andȱ Leeȱ 2002;ȱMorgensternȱ 1967).ȱ Therefore,ȱ itȱ isȱ imperativeȱ toȱ
studyȱtheȱfrequencyȱofȱtheseȱnaturalȱeventsȱinȱrelevantȱareasȱforȱtheȱhumanȱinterests.ȱSeismicȱ
activityȱisȱlinkedȱtoȱplateȱtectonicsȱandȱvolcanoȱprocesses,ȱasȱwellȱasȱintraplateȱdeformations.ȱ
OneȱofȱtheȱmajorȱuncertaintiesȱinȱassessingȱearthquakeȬinducedȱsubmarineȱslopeȱfailuresȱisȱ
relatedȱtoȱtheȱprobabilityȱofȱanȱearthquakeȱeventȱbyȱitself.ȱ
Predictionȱofȱearthquakesȱ isȱonlyȱpossibleȱ inȱaȱ statisticalȱ sense,ȱalthoughȱ thereȱareȱ severalȱ
linesȱofȱresearchȱattemptingȱtoȱmakeȱearthquakeȱpredictions.ȱAnȱanalysisȱprocedureȱthatȱȱisȱ
widelyȱ usedȱ toȱ dealȱwithȱ theȱ earthquakeȱ uncertaintyȱ isȱ theȱ Probabilisticȱ SeismicȱHazardȱ
Analysisȱ (PSHA)ȱoriginallyȱproposedȱbyȱCornellȱ (1968).ȱThisȱ typeȱofȱprobabilisticȱanalysisȱ
accountsȱforȱallȱtheȱseismicȱsourcesȱrelevantȱforȱtheȱsiteȱofȱinterest,ȱasȱwellȱasȱtheȱattenuationȱ
ofȱtheȱgroundȱmovementsȱfromȱtheȱseismicȱsourceȱtoȱtheȱsite.ȱTheȱbasicȱformulationȱisȱmeantȱ
toȱquantifyȱ theȱprobabilityȱofȱaȱgivenȱgroundȱmotionȱparameter,ȱusuallyȱ theȱpeakȱgroundȱ
accelerationȱ (PGA),ȱ exceedingȱ aȱ specifiedȱ valueȱ atȱ theȱ siteȱ ofȱ interest.ȱUsually,ȱ outcomesȱ
fromȱ aȱ PSHAȱ canȱ beȱ representedȱ inȱ aȱ plotȱ identifiedȱ asȱ seismicȱ hazardȱ curveȱ (Fig.ȱ 7).ȱ
Additionally,ȱseismicȱresponseȱspectraȱareȱdevelopedȱwithȱequalȱprobabilityȱofȱexceedanceȱ
atȱallȱ frequenciesȱ (soȬcalledȱuniformȱhazardȱspectra),ȱasȱwellȱasȱrepresentativeȱaccelerationȱ
timeȱhistoriesȱofȱtheȱexpectedȱgroundȱmotionsȱforȱseveralȱreturnȱperiodsȱ(Geomatrixȱ2006).ȱ
3.1.2ȱ GroundȱResponseȱAnalysisȱ
Groundȱresponseȱanalysesȱareȱusedȱ toȱpredictȱ theȱresponseȱofȱsoilȱsedimentsȱunderȱ
cyclicȱ loadingȱ toȱ forecastȱ adverseȱ effectsȱ suchȱ asȱ slopeȱ failures,ȱ soilȱ liquefactionȱ andȱ
structuralȱdamageȱleadingȱtoȱfatalitiesȱorȱlossȱofȱproperty.ȱBecauseȱofȱtheȱcomplexȱnatureȱofȱ
theȱmechanismȱofȱ faultȱbreak,ȱ asȱwellȱ asȱ theȱ complexȱmechanismȱofȱ energyȱ transmissionȱ
betweenȱ theȱ sourceȱ andȱ theȱ site,ȱ groundȱ responseȱ analysesȱ areȱ mainlyȱ focusedȱ onȱ
determiningȱ theȱ responseȱ ofȱ theȱ soilȱ depositȱ toȱ theȱmotionȱ ofȱ theȱ bedrockȱ immediatelyȱ
beneathȱ it.ȱWithȱ time,ȱ aȱnumberȱofȱ techniquesȱhaveȱbeenȱdevelopedȱ forȱgroundȱ responseȱ
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analysis.ȱ Theseȱ techniquesȱ areȱ oftenȱ groupedȱ accordingȱ toȱ theȱ dimensionalityȱ ofȱ theȱ
problemsȱtheyȱcanȱaddressȱ(Kramerȱ1996).ȱ
Groundȱ responseȱanalysesȱ requireȱ soilȱconstitutiveȱmodelsȱ thatȱ imitateȱkeyȱ featuresȱofȱ theȱ
cyclicȱ soilȱ behaviourȱ inȱ orderȱ toȱ simulateȱ theȱ responseȱ ofȱ sedimentsȱ underȱ earthquakeȱ
loading.ȱInȱgeneral,ȱthereȱareȱthreeȱbroadȱclassesȱofȱsoilȱmodels:ȱEquivalentȱLinearȱModels,ȱ
CyclicȱNonlinearȱModelsȱandȱAdvancedȱConstitutiveȱModels.ȱEquivalentȱlinearȱmodelsȱareȱ
theȱsimplestȱandȱmostȱcommonlyȱusedȱbutȱhaveȱaȱlimitedȱabilityȱtoȱrepresentȱmanyȱaspectsȱ
ofȱ soilȱ behaviourȱ underȱ cyclicȱ loadingȱ conditions.ȱ Atȱ theȱ otherȱ endȱ ofȱ theȱ spectrum,ȱ
advancedȱ constitutiveȱmodelsȱ canȱ representȱmanyȱdetailsȱ ofȱdynamicȱ soilȱ behaviour,ȱ butȱ
theirȱ complexityȱ andȱ difficultyȱ ofȱ calibrationȱ currentlyȱmakeȱ themȱ impracticalȱ forȱmanyȱ
commonȱgeotechnicalȱearthquakeȱengineeringȱproblemsȱ(Kramerȱ1996).ȱ
Basedȱonȱtheȱprobabilisticȱseismicȱhazardȱanalysisȱ(PSHA)ȱcarriedȱoutȱbyȱGeomatrixȱ(2006)ȱ
nearȱ theȱ slopeȱ underȱ investigationȱ (Fig.ȱ 5),ȱGeomatrixȱ recommendedȱ fourȱ representativeȱ
accelerationȱtimeȱhistoriesȱforȱsiteȱeffectȱanalysesȱ(Tableȱ2).ȱAccordingȱtoȱtheȱtargetȱresponseȱ
spectrumȱ recommendedȱbyȱGeomatrixȱ (Fig.ȱ 6),ȱ theȱmotionsȱwereȱ scaledȱ inȱ theȱ frequencyȱ
usingȱequivalentȱ linearȱdynamicȱsoftwareȱSHAKEȬNȱ(Selnesȱ1987).ȱTheȱdigitalȱaccelerationȱ
recordsȱofȱMotionsȱ1,ȱ2ȱandȱ4ȱwereȱdownloadedȱfromȱPEERȱ(PacificȱEarthquakeȱEngineeringȱ
Researchȱ Center)ȱ website,ȱ (Universityȱ ofȱ Californiaȱ 2010)ȱ havingȱ twoȱ componentsȱ eachȱ
motion.ȱTheȱmotionȱ3ȱwithȱitsȱtwoȱhorizontalȱcomponentsȱwasȱdownloadedȱfromȱCOSMOSȱ
(ConsortiumȱofȱOrganizationsȱforȱStrongȱMotionȱObservationȱSystems)ȱwebsite,ȱ(COSMOSȱ
1999).ȱTheȱfourȱmotions,ȱeachȱwithȱ2ȱhorizontalȱcomponentsȱ(inȱtotalȱ8ȱdigitalȱrecords),ȱwereȱ
baselineȱcorrectedȱusingȱtheȱsoftwareȱSeismoSignalȱv.ȱ5.1.0ȱ(Seismosoft_Ltdȱ2013).ȱ
ȱ
Figureȱ5.ȱTectonicȱstructure,ȱCampecheȱBay,ȱMexicoȱ(modifiedȱafterȱGeomatrixȱ2006).ȱ
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Tableȱ2.ȱRecommendedȱmotionsȱbyȱGeomatrixȱforȱsiteȱeffectȱanalyses.ȱ
ȱ
Motionȱ
ȱ
EQ/Stationȱ
ȱ
Dateȱ
ȱ
Componentȱ
ȱ
Magnitudeȱ
Focalȱ
Distanceȱ
(km)ȱ
ȱ
1ȱ
MammothȱLakes,ȱ
California/BishopȬ
ParadiseȱLodgeȱ
Mayȱ27th,ȱ
1980ȱ
N70Eȱ ȱ
6.0ȱ
ȱ
44ȱS20Wȱ
ȱ
2ȱ
ImperialȱValley,ȱ
California/Superstitionȱ
Mountainȱ
Octȱ15th,ȱ
1979ȱ
N45Eȱ ȱ
6.5ȱ
ȱ
25ȱ
S45Eȱ
ȱ
3ȱ
Nisqually,ȱ
Washington/Mt.ȱErie,ȱ
UW.ERWȱStationȱ
Februaryȱ
28th,ȱ2001ȱ
N0Eȱ ȱ
6.8ȱ
ȱ
150ȱ
N90Eȱ
ȱ
4ȱ
Denali,ȱAlaska/UAȱ
StationȱK2Ȭ06ȱ
Novemberȱ
3er,ȱ2002ȱ
N0Eȱ ȱ
7.9ȱ
ȱ
270ȱN90Eȱ
ȱ
ȱ
ȱ
ȱ
Figureȱ6.ȱRecommendedȱresponseȱspectraȱforȱtheȱsite.ȱ
Basedȱonȱtheȱhistoricalȱseismicityȱofȱtheȱsite,ȱitȱwasȱestimatedȱthatȱtheȱrelevantȱreturnȱperiodsȱ
forȱ theseȱ analysesȱmayȱ correspondȱ toȱ earthquakeȱ eventsȱ ofȱ 1,000,ȱ 5,000ȱ andȱ 10,000ȱ yearsȱ
returnȱperiod.ȱHowever,ȱanȱadditionalȱ100,000ȱyearsȱearthquakeȱeventȱwasȱalsoȱanalysedȱtoȱ
exploreȱtheȱslopeȱresponseȱunderȱlargeȱmagnitudeȱearthquakesȱ(Figs.ȱ6ȱandȱ7).ȱ
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ȱ
Figureȱ7.ȱSeismicȱhazardȱcurveȱforȱsiteȱN,ȱcloserȱpointȱtoȱtheȱslopeȱunderȱinvestigation,ȱwithȱ
relevantȱreturnȱperiodsȱ1000,ȱ5000,ȱ10,000ȱandȱ100,000ȱyears.ȱ
Theȱ dynamicȱ analysesȱwereȱ carriedȱ outȱ usingȱ theȱ softwareȱAMPLE,ȱ codeȱ developedȱ byȱ
Nadimȱ(1985).ȱTheȱAMPLEȱslopeȱmodelȱassumesȱanȱ infiniteȱslopeȱwithȱ theȱpropagationȱofȱ
shearȱwavesȱperpendicularȱ toȱ theȱ slope.ȱTheȱ constitutiveȱmodelȱ thatȱwasȱusedȱ toȱ runȱ theȱ
analysesȱwasȱ theȱHyperbolicȱ (nonȬlinear,ȱ failureȬseekingȱmodel),ȱwhichȱneedsȱasȱ inputȱ theȱ
soilȱshearȱstrengthȱWstrengthȱandȱtheȱmaximumȱshearȱstiffnessȱGmax.ȱTheȱmainȱoutputȱfromȱtheȱ
dynamicȱ analysesȱ isȱ theȱ accumulationȱ ofȱ shearȱ strainsȱ inȱ theȱ downslopeȱ directionȱ ofȱ theȱ
slopeȱtoȱassessȱtheȱshearȱstrengthȱreduction.ȱToȱaccountȱforȱtheȱuncertaintiesȱinȱtheȱdynamicȱ
responseȱ ofȱ theȱ submarineȱ slope,ȱdynamicȱ responseȱ analysesȱ forȱvariousȱ combinationsȱ ofȱ
representativeȱ earthquakeȱ groundȱmotionsȱ andȱ dynamicȱ soilȱ propertiesȱwereȱ carriedȱ outȱ
usingȱtheȱMonteȱCarloȱsimulationȱmethod.ȱ
Theȱ shearȱ strengthȱ ofȱ soil,ȱ Wstrength,ȱ isȱ notȱ anȱ invariantȱ parameterȱ andȱ dependsȱ onȱ severalȱ
factors.ȱDeterminationȱofȱ theȱ appropriateȱvalueȱofȱ Wstrengthȱ isȱ complexȱbecauseȱ theȱdifferentȱ
conditionsȱofȱ loadingȱduringȱanȱearthquakeȱeventȱ induceȱoutcomesȱ inȱoppositeȱdirectionsȱ
(rapidȱrateȱofȱloadingȱincreasesȱtheȱshearȱstrength,ȱwhileȱexcessȱporeȱpressuresȱgeneratedȱbyȱ
cyclicȱ loadingȱ decreaseȱ theȱ soilȱ strength)ȱ andȱ theirȱ combinedȱ effectȱ onȱ theȱ soilȱ strengthȱ
occasionallyȱgivesȱsurprisingȱresults.ȱ
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Afterȱanalysingȱ theȱrandomȱvariablesȱ involvedȱ inȱ theȱdynamicȱanalysisȱusingȱAMPLE,ȱ theȱ
variablesȱpresentedȱ inȱTableȱ 3ȱwereȱ identifiedȱ asȱ theȱmostȱ relevantȱ forȱ thisȱ analysis.ȱTheȱ
probabilityȱdistributionȱfunctionsȱandȱassumedȱrangeȱofȱvariationȱforȱeachȱrandomȱvariableȱ
wereȱestablishedȱafterȱanȱexploratoryȱanalysis.ȱ
Theȱvariablesȱtakingȱintoȱaccountȱinȱthisȱanalysisȱareȱmeantȱtoȱquantifyȱtheȱuncertaintiesȱinȱ
theȱresponseȱofȱtheȱsoilȱcolumn.ȱ
Tableȱ3.ȱRandomȱvariablesȱforȱtheȱdynamicȱresponseȱanalysis.ȱ
No.ȱ Variableȱ AssumedȱRangeȱ P.ȱDistributionȱ
Functionȱ
1ȱ suȱstaticȱFactorȱ 0.85Ȭ1.25ȱ Lognormalȱȱ
(mean=1.05;ȱ
mu=0.0246)ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
2ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
Peakȱgroundȱ
acceleration,ȱ
PGAȱ
Forȱ1,000ȱyearsȱreturnȱperiod:ȱ
Range:ȱ0.140Ȭ0.171gȱ
(10%ȱupperȱandȱlowerȱfromȱtheȱmean)ȱ
Normalȱ
(mean=0.155g)ȱ
Forȱ5,000ȱyearsȱreturnȱperiod:ȱ
Range:ȱ0.238Ȭ0.322gȱ
(15%ȱupperȱandȱlowerȱfromȱtheȱmean)ȱ
Normalȱ
(mean=0.280g)ȱ
ȱ
Forȱ10,000ȱyearsȱreturnȱperiod:ȱ
Range:ȱ0.266Ȭ0.444gȱ
(25%ȱupperȱandȱlowerȱfromȱtheȱmean)ȱ
Normalȱ
(mean=0.355g)ȱ
Forȱ100,000ȱyearsȱreturnȱperiod:ȱ
(30%ȱupperȱandȱlowerȱtheȱmean)ȱ
Range:ȱ0.511Ȭ0.949gȱ
Normalȱ
(mean=0.730g)ȱ
ȱ
3ȱ Controlȱ
Motionȱ
4ȱmotions,ȱ2ȱcomponentsȱeachȱfromȱ1ȱtoȱ8ȱ
(MammothȱLakes,ȱM6.0;ȱImperialȱValley,ȱM6.5;ȱ
Nisqually,ȱM6.8;ȱDenali,ȱAlaska,ȱM7.9)ȱ
DiscreteȱUniformȱ
Distributionȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
4ȱ
ȱ
ȱ
ȱ
ȱ
StrainȱRateȱ
Factorȱ
f(groundȱ
response)ȱ
ȱ
su,hȬsr/su,staticȱ
Rangeȱofȱpredominantȱfrequenciesȱofȱoriginalȱ
controlȱmotions:ȱ0.35Ȭ13ȱHz.ȱ
Recommendedȱtargetȱresponseȱspectraȱhaveȱ
maxȱspectralȱaccelerationȱatȱT=0.15sec,ȱf=6.7ȱHz.ȱ
Fundamentalȱfrequencyȱofȱtheȱ200mȱsoilȱprofile:ȱ
0.35ȱHz,ȱT=2.9ȱsec.ȱ
ȱ
Rangeȱofȱshearȱstrainȱrateȱatȱlargeȱstrainsȱinȱtheȱ
firstȱ20mȱbelowȱseafloorȱafterȱanalysingȱtheȱ
responseȱofȱtheȱsoilȱprofileȱwithȱtwoȱrelevantȱ
motions:ȱ
500Ȭ2500ȱ%/hrȱ
ȱ
Equivalentȱstrainȱrateȱfactorsȱaccordingȱtoȱ
Andersenȱetȱal.ȱ(2012):ȱ
1.2Ȭ1.5ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
Continuousȱȱ
Uniformȱȱ
Distributionȱ
(mean=1.35)ȱ
ȱ
ȱ
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Forȱ theȱ 10,000ȱ andȱ 100,000ȱ earthquakeȱ events,ȱ 100ȱ realizationsȱ wereȱ selectedȱ forȱ eachȱ
randomȱvariableȱusingȱ theȱLatinȱHyperȱCubeȱ stratifiedȱ samplingȱ techniqueȱ (McKayȱ etȱ al.ȱ
2000)ȱ toȱ guaranteeȱ aȱ goodȱ representationȱ ofȱ theȱ distributionȱ functionȱ withȱ justȱ 100ȱ
realizations.ȱ Forȱ theȱ 1,000ȱ andȱ 5,000ȱ earthquakeȱ events,ȱ upȱ toȱ 500ȱ realizationsȱ forȱ eachȱ
randomȱvariableȱwereȱgeneratedȱdueȱ toȱtheȱ lowȱconditionalȱprobabilityȱofȱfailureȱforȱ theseȱ
returnȱperiods.ȱTheȱcombinationȱofȱrandomȱvariablesȱwereȱsetȱupȱbasedȱonȱtheȱorderȱgivenȱ
byȱ theȱcalculatedȱrealizationsȱ forȱeachȱrandomȱvariableȱusingȱMATLABȱ(MathWorksȱ2012)ȱ
versionȱ8.ȱ
3.1.3ȱ AdvancedȱLaboratoryȱTestsȱ
Basedȱonȱlaboratoryȱtests,ȱNadimȱetȱal.ȱ(2007)ȱmadeȱaȱcompilationȱofȱtheȱmainȱaspectsȱ
ofȱaȱtypicalȱsoilȱelementȱwithinȱaȱsubmarineȱslopeȱtoȱaddressȱtheȱstrengthȱbehaviourȱofȱclaysȱ
inȱsubmarineȱslopesȱunderȱearthquakeȱloading.ȱTheȱfollowingȱfactorsȱwereȱinvestigated:ȱ
x RapidȱRateȱofȱLoading.ȱItȱwasȱconfirmedȱthatȱtheȱundrainedȱshearȱstrengthȱincreasesȱ
asȱtheȱrateȱofȱloadingȱincreases.ȱ
x Permanentȱ (static)ȱ Shearȱ Stress.ȱ Itȱwasȱ observedȱ thatȱ theȱ effectȱ ofȱ aȱ consolidationȱ
shearȱ stressȱ Wcȱ (i.e.,ȱgravityȱ forcesȱ inȱ slope)ȱ increasesȱ theȱ strengthȱofȱ theȱ soilȱwhenȱ
shearingȱ downhill,ȱ butȱ reducesȱ theȱ availableȱ shearȱ strengthȱ forȱ theȱ slopeȱ byȱ
decreasingȱ theȱdifferenceȱbetweenȱ theȱpermanentȱ shearȱ stressȱ Wcȱandȱ theȱ soilȱ shearȱ
strengthȱsu.ȱ
x PostȬearthquakeȱstaticȱshearȱstrengthȱandȱcreepȱdeformationsȱafterȱtheȱearthquake.ȱItȱ
wasȱshownȱthatȱtheȱcyclicȱshearȱstrainsȱinducedȱbyȱtheȱearthquakeȱtendȱtoȱreduceȱtheȱ
shearȱ strength.ȱ Ifȱ theȱ earthquakeȬinducedȱ cyclicȱ shearȱ strainsȱ areȱ large,ȱ theȱ slopeȱ
couldȱ undergoȱ furtherȱ creepȱdisplacementsȱ afterȱ theȱ earthquakeȱ andȱ experienceȱ aȱ
significantȱreductionȱofȱstaticȱshearȱstrength.ȱ
ȱ
Theȱreductionȱ inȱ theȱpostȬearthquakeȱundrainedȱshearȱstrengthȱwasȱspecifiedȱpartlyȱbasedȱ
onȱtheȱapproachȱsuggestedȱbyȱAndersenȱetȱal.ȱ(2012),ȱusingȱtheȱresultsȱofȱlaboratoryȱtestingȱ
carriedȱoutȱbyȱFugroȱChanceȱdeȱMéxicoȱ (2009)ȱ inȱsoilȱsamplesȱobtainedȱfromȱ theȱsite,ȱnearȱ
theȱlocationȱofȱtheȱslopeȱunderȱinvestigation.ȱ
Andersen’sȱapproachȱspecifiesȱ thatȱ theȱstabilityȱofȱaȱslopeȱsubjectedȱ toȱearthquakeȱ loadingȱ
mayȱ beȱ analysedȱ byȱ firstȱ runningȱ aȱdynamicȱ analysis,ȱ toȱdetermineȱ theȱpermanentȱ shearȱ
strainȱdueȱtoȱearthquake.ȱThen,ȱtheȱpostȬcyclicȱshearȱstrengthȱmayȱbeȱestimatedȱasȱtheȱshearȱ
stressȱonȱtheȱmonotonicȱstressȬstrainȱcurve,ȱcorrespondingȱtoȱtheȱcalculatedȱpermanentȱshearȱ
strainȱ(Fig.ȱ8).ȱThisȱshearȱstrengthȱshouldȱbeȱreducedȱbyȱ15Ȭ25%ȱtoȱaccountȱforȱtheȱfollowingȱ
twoȱeffects:ȱ
x Undrainedȱcreepȱoccurringȱbeforeȱsignificantȱdissipationȱofȱ theȱearthquakeȬinducedȱ
excessȱ poreȱ waterȱ pressure.ȱ Consideringȱ theȱ effectȱ timeȱ toȱ failureȱ onȱ theȱ shearȱ
strengthȱduringȱundrainedȱcreep.ȱ
x Theȱ postȬcyclicȱ stressȬstrainȱ curveȱ standsȱ somewhatȱ belowȱ theȱ virginȱ monotonicȱ
stressȬstrainȱcurve.ȱ
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Figureȱ 8.ȱ StressȬstrainȱ behaviourȱ inȱ monotonic,ȱ cyclicȱ andȱ postȬcyclicȱ monotonicȱ directȱ
simpleȱshearȱtestsȱ(DSS)ȱwithȱWave=Wc=20.8ȱkPa=0.16ȱVvcȇȱ(afterȱAndersenȱetȱal.ȱ2012).ȱ
ȱ
Inȱthisȱresearch,ȱtheȱeffectȱofȱundrainedȱcreepȱinȱtheȱclayȱlayersȱisȱconsideredȱusingȱavailableȱ
creepȱtestsȱperformedȱonȱsoilȱsamplesȱfromȱtheȱsite.ȱ
ȱ
3.1.4ȱ FragilityȱCurveȱApproachȱ
ThisȱapproachȱisȱaȱmodificationȱofȱtheȱmethodologyȱdevelopedȱbyȱNadimȱ(2012),ȱ
duringȱprojectsȱlinkedȱtoȱriskȱanalysesȱinȱseveralȱoffshoreȱgeohazardsȱstudiesȱforȱtheȱoilȱandȱ
gasȱindustry.ȱ
Thisȱprocedureȱhasȱ10ȱstepsȱandȱmakesȱuseȱofȱseveralȱmathematicalȱtechniquesȱ likeȱMonteȱ
Carloȱ simulation,ȱ FORMȱ andȱ BayesianȱUpdating,ȱ inȱ orderȱ toȱ estimateȱ theȱ unconditionalȱ
annualȱfailureȱprobabilityȱ(UAFP).ȱTheȱFragilityȱCurveȱprocedureȱattemptsȱtoȱdealȱwithȱkeyȱ
uncertaintiesȱ associatedȱ withȱ theȱ estimationȱ ofȱ theȱ UAFPȱ parameter.ȱ Itȱ alsoȱ allowsȱ toȱ
estimateȱ theȱUAFPȱ duringȱ theȱ seismicȱ activityȱ (coȬseismic)ȱ andȱ afterȱ theȱ seismicȱ activityȱ
(postȬseismic),ȱprovidingȱadditionalȱinformationȱtoȱdecisionȱmakers,ȱinȱorderȱtoȱmitigateȱtheȱ
riskȱassociatedȱwithȱearthquakeȬinducedȱsubmarineȱlandslides.ȱ
ȱ
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3.1.4.1ȱ CoȬseismicȱandȱPostȬSeismicȱFragilityȱCurvesȱofȱSlopeȱFailureȱ
TheȱcoȬseismicȱandȱpostȬseismicȱ fragilityȱcurvesȱofȱslopeȱ failureȱwereȱdevelopedȱbyȱ
fittingȱcumulativeȱdistributionȱfunctionsȱ(CDF’s)ȱtoȱtheȱestimatedȱconditionalȱprobabilitiesȱofȱ
slopeȱfailure,ȱduringȱandȱafterȱtheȱearthquakeȱeventȱrespectively.ȱTheȱtermȱȈfragilityȱcurveȈȱ
wasȱborrowedȱ fromȱ theȱearthquakeȱengineeringȱ field,ȱwhereȱ itȱ isȱwidelyȱuseȱ toȱassessȱ theȱ
probabilityȱofȱ structuralȱ failureȱbasedȱonȱ theȱamplitudeȱofȱaȱgivenȱmotionȱparameterȱ (e.g.ȱ
peakȱgroundȱacceleration,ȱPGA).ȱ
Forȱ theȱ slopeȱunderȱanalysis,ȱ lognormalȱprobabilityȱdistributionsȱwereȱproposedȱ toȱmatchȱ
theȱ conditionalȱ failureȱprobabilities,ȱwhichȱ ledȱ toȱ theȱcreationȱofȱ theȱ slopeȱ failureȱ fragilityȱ
curves.ȱ Theȱ momentsȱ ofȱ theȱ lognormalȱ functionȱ representingȱ theȱ coȬseismicȱ hazardȱ
conditionȱ areȱM=ȱ 0.8737gȱ andȱ Std=ȱ 0.6948g,ȱ andȱ theȱmomentsȱ ofȱ theȱ lognormalȱ functionȱ
representingȱtheȱpostȬseismicȱconditionȱareȱM=ȱ0.8280gȱandȱStd=ȱ0.8523gȱ(Fig.ȱ9).ȱ
ȱ
Figureȱ 9.ȱ Lognormalȱ cumulativeȱ distributionȱ functionsȱ proposedȱ toȱmatchȱ theȱ calculatedȱ
conditionalȱ failureȱprobabilityȱpointsȱ forȱ coȬseismicȱ andȱpostȬseismicȱ sceneries,ȱ leadingȱ toȱ
theȱcreationȱofȱtheȱcoȬseismicȱandȱpostȬseismicȱfragilityȱcurves.ȱ
3.1.4.2ȱ ExpectedȱValueȱMathematicalȱOperatorȱ
Aȱ keyȱ elementȱ toȱ carryȱ outȱ hazardȱ analysesȱ usingȱ theȱ Fragilityȱ Curveȱ approachȱ
involvesȱ theȱ useȱ ofȱ theȱ expectedȱ valueȱmathematicalȱ operator.ȱ Theȱ unconditionalȱ annualȱ
failureȱprobabilityȱ(UAFP)ȱcanȱbeȱestimatedȱbyȱapplyingȱtheȱexpectedȱvalueȱoperatorȱtoȱtheȱ
annualȱfailureȱprobabilityȱ(AFP)ȱrandomȱvariable.ȱTheȱexpectedȱvalueȱofȱaȱrandomȱvariableȱ
isȱtheȱintegralȱofȱtheȱrandomȱvariableȱwithȱrespectȱtoȱitsȱprobabilityȱmeasure.ȱTheȱfollowingȱ
probabilityȱfunctionsȱwereȱusedȱtoȱestimateȱtheȱexpectedȱvalueȱofȱtheȱAFP:ȱ
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a)ȱ Slopeȱ failureȱ fragilityȱ function,ȱ normalizedȱ withȱ respectȱ toȱ theȱ returnȱ period,ȱ whichȱ
evaluatesȱtheȱpossibleȱvalueȱtheȱrandomȱvariableȱcanȱassume;ȱȱ
b)ȱDerivativeȱofȱtheȱseismicȱhazardȱfunction,ȱwhichȱevaluatesȱtheȱprobabilityȱofȱoccurrenceȱ
ofȱthatȱvalue.ȱ
Thus,ȱ theȱUAFPȱ isȱ theȱprobabilityȬweightedȱ averageȱofȱ theȱAFPȱ randomȱvariable.ȱEq.ȱ (1)ȱ
showsȱtheȱmathematicalȱformulation.ȱ
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where:ȱ
UAFPȱ=ȱUnconditionalȱannualȱfailureȱprobabilityȱ
AFPȱ=ȱAnnualȱfailureȱprobabilityȱrandomȱvariableȱ
Eȱ[AFP]ȱ=ȱExpectedȱvalueȱofȱtheȱAFPȱ(probabilityȱweightedȱaverageȱofȱtheȱannualȱfailure)ȱ
fXȱ(x)ȱ=ȱProbabilityȱdensityȱfunctionȱfittingȱtheȱseismicȱhazardȱcurveȱ
Pf_xȱ=ȱSlopeȱfailureȱfragilityȱfunctionȱ
Txȱ=ȱReturnȱperiodȱcorrespondingȱtoȱtheȱpeakȱgroundȱaccelerationȱxȱinȱfXȱ(x)ȱ
AFPȱf_xȱ=ȱAnnualȱfailureȱprobabilityȱcorrespondingȱtoȱtheȱpeakȱgroundȱaccelerationȱxȱ(Pf_xȱ
normalizedȱwithȱrespectȱtoȱTx)ȱ
Xȱ=ȱRandomȱvariableȱrepresentingȱtheȱpeakȱgroundȱaccelerationȱ(PGA)ȱinȱtheȱbedrockȱ
xȱ=ȱValuesȱthatȱtakeȱtheȱrandomȱvariableȱXȱ
Inȱthisȱstudy,ȱaȱgeneralizedȱparetoȱ(GP)ȱprobabilityȱfunctionȱwasȱproposedȱtoȱfitȱtheȱseismicȱ
hazardȱcurveȱrecommendedȱforȱ theȱsiteȱ(Fig.ȱ10).ȱTheȱGPȱprobabilityȱfunctionȱ thatȱbestȱfitsȱ
theȱseismicȱhazardȱcurveȱhasȱparametersȱkȱ=ȱ0.345,ȱVȱ=ȱ0.0049,ȱTȱ=ȱ0.ȱ
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Figureȱ 10.ȱGeneralizedȱ paretoȱ distributionȱ functionȱ usedȱ toȱ fitȱ theȱ recommendedȱ seismicȱ
hazardȱcurveȱlocatedȱnearȱtheȱslopeȱunderȱinvestigation,ȱidentifiedȱasȱsiteȱn.ȱ
3.1.4.3ȱ AnnualȱFailureȱProbabilityȱ(AFP)ȱ
Fig.ȱ 11ȱ showsȱ theȱ integrationȱ ofȱ theȱ previousȱ probabilityȱ functionsȱ fromȱ 0ȱ toȱ 1g,ȱ
accordingȱ toȱ Eq.ȱ (1),ȱ toȱ estimateȱ theȱ coȬseismicȱ andȱ postȬseismicȱ unconditionalȱ annualȱ
probabilityȱ ofȱ slopeȱ failure;ȱ thatȱ rangeȱwasȱ analysedȱ dueȱ toȱ itsȱ largeȱ contributionȱ toȱ theȱ
UAFP.ȱTableȱ4ȱshowsȱtheȱresultsȱofȱtheȱintegration.ȱ
ȱ
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Figureȱ11.ȱIntegrationȱofȱtheȱslopeȱfailureȱfragilityȱfunctionsȱandȱtheȱseismicȱhazardȱfunction,ȱ
accordingȱtoȱEq.ȱ(1),ȱtoȱestimateȱtheȱcoȬseismicȱandȱpostȬseismicȱunconditionalȱannualȱfailureȱ
probabilities.ȱ Dottedȱ linesȱ correspondsȱ toȱ coȬseismicȱ conditionsȱ andȱ continuousȱ linesȱ
correspondsȱtoȱpostȬseismicȱconditions.ȱ
FromȱFig.ȱ 11,ȱ theȱ annualȱ failureȱprobabilityȱ curvesȱ (yellowȱ curves)ȱ showȱ that,ȱ theȱ largestȱ
contributionȱ toȱ theȱ coȬseismicȱ UAFPȱ (dottedȱ yellowȱ curve)ȱ isȱ betweenȱ 0.2gȱ andȱ 0.3g.ȱ
Accordingȱ toȱ theȱseismicȱhazardȱcurveȱ (Fig.ȱ10),ȱ itȱcorrespondsȱ toȱearthquakesȱwithȱreturnȱ
periodsȱbetweenȱ2,500ȱandȱ6,666ȱyears.ȱOnȱ theȱotherȱhand,ȱ theȱ largestȱ contributionȱ toȱ theȱ
postȬseismicȱUAFPȱ (continuousȱyellowȱcurve)ȱ isȱbetweenȱ0.1gȱandȱ0.15g,ȱ itȱcorrespondsȱ toȱ
earthquakesȱwithȱreturnȱperiodsȱbetweenȱ500ȱandȱ1000ȱyears.ȱHowever,ȱtheȱproductȱofȱtheȱ
functionsȱ(redȱcurves)ȱshiftsȱtheȱpeakȱcontributionsȱtoȱtheȱleftȱcorrespondingȱtoȱearthquakesȱ
withȱ lowerȱ returnȱ periods,ȱ sinceȱ earthquakesȱ withȱ lowerȱ returnȱ periodsȱ haveȱ largerȱ
probabilityȱofȱoccurrenceȱthanȱearthquakesȱwithȱlargerȱreturnȱperiods.ȱ
Tableȱ4.ȱUnconditionalȱannualȱprobabilityȱofȱslopeȱfailureȱforȱtheȱsiteȱinȱtheȱGulfȱofȱMexico.ȱ
Probabilityȱ
distributionȱ
fittingȱtheȱ
seismicȱhazardȱ
functionȱ
Probabilityȱ
distributionȱ
fittingȱcoȬseismicȱ
fragilityȱfunctionȱ
CoȬSeismicȱ
Unconditionalȱ
AnnualȱFailureȱ
Probabilityȱ
(UAFPco)ȱ
Probabilityȱ
distributionȱ
fittingȱpostȬ
seismicȱfragilityȱ
functionȱ
PostȬSeismicȱ
Unconditionalȱ
AnnualȱFailureȱ
Probabilityȱ
(UAFPpost)ȱ
Generalizedȱ
Paretoȱ
Lognormalȱ 710Ȭ5ȱ Lognormalȱ 1.210Ȭ3ȱ
ȱ
Theȱ resultsȱ showȱ thatȱ theȱUAFPpostȱ increasesȱbyȱ17ȱ timesȱwithȱ respectȱ toȱ theȱUAFPco.ȱThisȱ
suggestsȱthat,ȱundrainedȱcreepȱdevelopedȱinȱtheȱclayȱlayersȱofȱtheȱslopeȱafterȱtheȱearthquakeȱ
eventȱ playsȱ anȱ importantȱ roleȱ inȱ theȱ slopeȱ stability.ȱHowever,ȱ thisȱ informationȱmustȱ beȱ
complementedȱwithȱgeologicalȱevidenceȱfromȱtheȱsiteȱtoȱdecreaseȱuncertaintiesȱ(Gilbertȱetȱal.ȱ
2014).ȱInȱtheȱnextȱsection,ȱgeologicalȱinformationȱfromȱtheȱsiteȱisȱanalysedȱtoȱcrosscheckȱwithȱ
theȱnumericalȱsimulations.ȱ
3.1.4.4ȱ ComparisonȱwithȱGeologicalȱEvidenceȱ
ToȱobtainȱaȱsoundȱestimateȱofȱtheȱUAFP,ȱanalyticalȱsimulationsȱmustȱbeȱcomparedȱwithȱ
theȱgeologicalȱ evidence.ȱTheȱgeologicalȱ evidenceȱofȱ submarineȱ slopeȱ failuresȱ atȱ theȱ siteȱ isȱ
basedȱonȱ theȱworkȱ carriedȱoutȱbyȱFugroȱGeoConsultingȱ (2009)ȱduringȱ theȱgeologicalȱ andȱ
geotechnicalȱinvestigationȱinȱtheȱarea.ȱSomeȱrelevantȱconclusionsȱareȱpointedȱoutȱbelow:ȱ
ȱ
x SedimentȱAccumulationȱRatesȱȱ
InȱtheȱareaȱwhereȱtheȱsubmarineȱslopeȱisȱlocatedȱinȱtheȱGulfȱofȱMexico,ȱtheȱcontinentalȱshelfȱ
isȱ narrowerȱ comparatively,ȱ andȱ thisȱ factorȱ mayȱ facilitateȱ theȱ transportȱ ofȱ innerȱ shelfȱ
sedimentsȱ toȱ theȱ continentalȱ slope.ȱ Theȱ rateȱ ofȱ accumulationȱ ofȱHoloceneȱ soilsȱ showsȱ aȱ
decreaseȱ withȱ increasingȱ waterȱ depthȱ andȱ distanceȱ fromȱ theȱ edgeȱ ofȱ theȱ continentalȱ
platform.ȱTheȱrateȱofȱsedimentȱaccumulationȱalsoȱshowsȱlocalȱvariationsȱrelatedȱtoȱsoilȱlossȱ
dueȱtoȱslopeȱfailureȱandȱslopeȱmassȱtransportȱprocesses.ȱ
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Thisȱ trendȱ inȱ theȱ layerȱ thicknessesȱ isȱ alsoȱ observedȱ inȱ theȱ underlyingȱ sedimentsȱ ofȱ
Pleistoceneȱ andȱolderȱ sediments,ȱ andȱ isȱdirectlyȱ relatedȱ toȱ theȱ trendȱ inȱwhichȱ theȱ rateȱofȱ
clasticȱ sedimentationȱ decreasesȱ asȱ theȱ distanceȱ fromȱ onȱ landȱ geoȬsources,ȱ suchȱ asȱ riverȱ
outlets,ȱincreases.ȱTherefore,ȱtheȱmoreȱdistalȱportionsȱofȱtheȱareaȱreceiveȱlessȱsedimentȱthanȱ
theȱmoreȱproximalȱareas.ȱ
ȱ
Basedȱonȱtheȱdatingȱresults,ȱtheȱUpperȱHoloceneȱdepositionalȱratesȱdecreaseȱfromȱ136ȱcmȱ/ȱ
kyȱ(DCȱȬ15)ȱinȱtheȱupperȱpartȱofȱtheȱcontinentalȱslopeȱtoȱ57.7ȱcmȱ/ȱkyȱ(DCȬȱ09)ȱonȱtheȱlowerȱ
partȱofȱtheȱcontinentalȱslopeȱ(FugroȱGeoConsultingȱ2009).ȱ
x HistoryȱofȱSlopeȱFailureȱinȱtheȱContinentalȱSlopeȱ
Theȱ resultsȱofȱ theȱ sedimentological,ȱbiostratigraphyȱ andȱ radiocarbonȱ analysesȱonȱ selectedȱ
samplesȱextractedȱbyȱpistonȱcoresȱshowedȱthatȱslopeȱfailuresȱandȱmassȱtransportȱprocessesȱ
inȱ theȱLateȱPleistoceneȱ [i.e.,ȱ2.588ȱmyȱB.P.ȱ (millionȱyearsȱbeforeȱpresent)ȱ toȱ11,700ȱyrsȱB.P.]ȱ
wereȱmuchȱ greaterȱ inȱ extentȱ thanȱ anyȱ recentȱ activity.ȱEvidenceȱ ofȱ slopeȱ failureȱ fromȱ theȱ
EarlyȱtoȱMiddleȱHoloceneȱ(approximatelyȱoverȱ4,000ȱyearsȱago)ȱhasȱbeenȱdocumentedȱbyȱtheȱ
existenceȱ ofȱ aȱ hiatusȱ inȱ sedimentȱ datingȱ profilesȱwithinȱ severalȱ pistonȱ coresȱ takenȱ fromȱ
deepwater.ȱHowever,ȱ thisȱmostȱ recentȱ activityȱ doesȱ notȱ involveȱ anȱ areaȱ asȱ largeȱ asȱ theȱ
continentalȱ slope,ȱ comparedȱ toȱ slopeȱ failuresȱ andȱmassȱ transportȱ episodesȱ thatȱ occurredȱ
duringȱtheȱPleistoceneȱperiod.ȱ
AccordingȱtoȱFugroȱGeoConsultingȱ(2009),ȱoneȱhasȱnotȱfoundȱevidenceȱofȱmostȱrecentȱslopeȱ
failuresȱandȱerosiveȱflowsȱofȱmassȱtransportȱatȱlargeȱscale.ȱHowever,ȱtheȱexistenceȱofȱshallowȱ
waterȱ foraminiferaȱ andȱmuddyȱ turbiditesȱ inȱ threeȱ soilȱ coresȱwithinȱ theȱ transitionalȱ slope,ȱ
belowȱtheȱcontinentalȱshelfȱborder,ȱ indicatesȱthatȱ localȱslopeȱfailuresȱmayȱhaveȱoccurredȱ inȱ
relativelyȱrestrictedȱextentȱinȱtheȱareasȱofȱgreaterȱslopeȱgradientȱaboutȱ1,370ȱyearsȱago.ȱ
Thatȱ estimationȱ correspondsȱ approximatelyȱ toȱ anȱ annualȱ probabilityȱ ofȱ slopeȱ failureȱ ofȱ
1/1,370ȱyearsȱ|ȱ7.3ȉ10Ȭ4.ȱThisȱvalueȱisȱcloseȱtoȱtheȱestimatedȱUAFPpostȱofȱ1.210Ȭ3,ȱcalculatedȱbyȱ
numericalȱ simulationsȱ forȱ theȱ slopeȱ underȱ investigation,ȱ whichȱ isȱ locatedȱ belowȱ theȱ
continentalȱshelfȱborder.ȱ
TheȱUAFPpostȱratioȱbetweenȱtheȱanalyticalȱapproachȱandȱtheȱgeologicalȱevidenceȱisȱequalȱtoȱ
1.6,ȱwhereȱatȱthisȱpointȱtheȱanalyticalȱapproachȱseemsȱtoȱbeȱoverconservative.ȱHowever,ȱtheȱ
geologicalȱ evidenceȱ isȱ subjectedȱ toȱ theȱ datingȱ methodȱ limitationsȱ andȱ theȱ shortageȱ ofȱ
samplesȱtestedȱatȱtheȱshelfȱbreakȱtoȱconfirmȱthisȱvalue.ȱTherefore,ȱatȱthisȱpoint,ȱtheȱanalyticalȱ
approachȱ andȱ theȱ geologicalȱ evidenceȱ couldȱ beȱ usedȱ asȱ highȱ andȱ lowȱ estimatesȱ ofȱ theȱ
UAFPpostȱrespectively.ȱ
ȱ
3.2ȱ ProbabilityȱofȱDebrisȱFlowȱImpactȱonȱSeabedȱStructuresȱ
Aȱ failedȱ submarineȱ slopeȱ mayȱ evolveȱ fromȱ aȱ slideȱ toȱ aȱ sedimentȱ gravityȱ flow.ȱ
Sedimentȱ gravityȱ flowsȱmayȱ travelȱ largeȱ distancesȱ dependingȱ onȱ theȱ volumeȱ ofȱ releasedȱ
mass,ȱslopeȱgeometryȱandȱotherȱfactorsȱlikeȱinteractionȱprocessesȱbetweenȱtheȱsoilȱparticlesȱ
andȱtheȱgravityȱflowȱfluid,ȱasȱwellȱasȱtheȱsedimentȱgravityȱflowȱandȱtheȱenvironmentȱfluid.ȱ
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Fig.ȱ12ȱ showsȱ theȱmainȱ typesȱofȱ submarineȱmassȱmovementsȱbasedȱonȱ theȱdisturbanceȱofȱ
internalȱmassȱstructureȱandȱtravelȱdistanceȱofȱdisplacedȱsedimentsȱproposedȱbyȱMiddletonȱ&ȱ
Hamptonȱinȱ1973ȱ(Covaultȱ2011).ȱ
ȱ
Figureȱ 12.ȱ (aȬc)ȱ Typesȱ ofȱ submarineȱ massȱ movementsȱ basedȱ onȱ theȱ degreeȱ ofȱ internalȱ
structureȱdisturbance.ȱ(d)ȱEvolutionȱofȱaȱfailedȱsubmarineȱmassȱalongȱtheȱcontinentalȱslopeȱ
(afterȱCovaultȱ2011).ȱ
Journalȱpaperȱno.ȱ3ȱassessesȱtheȱprobabilityȱofȱdebrisȱflowȱimpactingȱtwoȱmanifoldsȱthatȱareȱ
requiredȱtoȱdevelopȱaȱnaturalȱgasȱfieldȱinȱtheȱsouthȱpartȱofȱtheȱGulfȱofȱMexico.ȱTheȱapproachȱ
thatȱwasȱusedȱtoȱquantifyȱtheȱprobabilityȱofȱimpactȱonȱthoseȱoffshoreȱstructuresȱisȱbasedȱonȱ
runoutȱdistanceȱnumericalȱsimulationsȱthatȱattemptȱtoȱmimicȱtheȱbasicȱfeaturesȱofȱmudflowsȱ
movingȱ downwardsȱ byȱ gravityȱ inȱ aȱwaterȱ environment.ȱ Thisȱ approachȱ accountsȱ forȱ theȱ
uncertaintiesȱ linkedȱ toȱ theȱ inputȱparametersȱ neededȱ toȱ runȱ theȱ numericalȱ simulationsȱ byȱ
meansȱ ofȱ usingȱ theȱ Monteȱ Carloȱ method.ȱ Theȱ simulationȱ resultsȱ areȱ usedȱ toȱ developȱ
probabilityȱ distributionȱ functionsȱ ofȱ theȱ runout,ȱwhichȱ areȱ inȱ turnȱ usedȱ toȱ evaluateȱ theȱ
probabilityȱofȱtheȱmudflowȱreachingȱaȱgivenȱlocation.ȱ
3.2.1ȱ RunoutȱNumericalȱSimulationsȱ
Numericalȱ modellingȱ ofȱ submarineȱ massȱ movementsȱ isȱ oftenȱ usedȱ toȱ estimateȱ
gravityȱmassȱ flowȱ runoutȱ distances,ȱ velocities,ȱ andȱ theȱ finalȱ shapeȱ ofȱ theȱ sedimentsȱ inȱ
offshoreȱgeohazardsȱstudies.ȱSinceȱtheȱpioneeringȱworkȱbyȱEdgersȱandȱKarlsrudȱ(1981),ȱthereȱ
haveȱbeenȱimportantȱdevelopmentsȱinȱthisȱfield.ȱ
Inȱjournalȱpaperȱno.ȱ3,ȱtheȱcodeȱBINGȱdevelopedȱbyȱImranȱetȱal.ȱ(2001a)ȱwasȱusedȱtoȱperformȱ
theȱrunoutȱnumericalȱsimulations.ȱBINGȱisȱaȱ1ȬDȱnumericalȱmodelȱintendedȱtoȱsimulateȱtheȱ
downslopeȱspreadingȱofȱaȱfiniteȬsourceȱsubaqueousȱdebrisȱflow.ȱTheȱmodelȱconsidersȱthreeȱ
typesȱ ofȱ fluidȱ rheology:ȱBingham,ȱHerschelȬBulkleyȱ andȱBilinear;ȱ andȱ isȱ ableȱ toȱ computeȱ
runoutȱdistance,ȱdownȬslopeȱvelocityȱandȱthicknessȱofȱtheȱdeposit.ȱ
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Inȱ thisȱ study,ȱ theȱBilinearȱ rheologicalȱmodelȱdevelopedȱ byȱLocatȱ (1997)ȱwasȱusedȱ forȱ theȱ
numericalȱsimulationsȱinȱBING,ȱbecauseȱitȱhasȱshownȱtoȱgiveȱacceptableȱresultsȱinȱpreviousȱ
studiesȱ (Jeongȱ etȱ al.ȱ 2010;ȱ Imranȱ etȱ al.ȱ 2001b;ȱ Locatȱ 1997).ȱ Moreover,ȱ oneȱ additionalȱ
advantageȱofȱ theȱBilinearȱmodelȱconsistsȱofȱrequiringȱ theȱsolutionȱofȱonlyȱoneȱmomentumȱ
equationȱinȱtheȱnumericalȱmodelȱbecauseȱtheȱflowȱisȱconsideredȱtoȱconsistȱofȱaȱsingleȱlayer,ȱ
asȱopposedȱ toȱtwoȱseparateȱ layersȱ(deformingȱandȱplugȱflow)ȱ inȱtheȱpopularȱBinghamȱandȱ
HerschelȬBulkleyȱmodelsȱ(Imranȱetȱal.ȱ2001b).ȱThisȱmakesȱtheȱBilinearȱmodelȱrelativelyȱmoreȱ
stableȱthanȱitsȱpredecessorsȱdoȱfromȱtheȱnumericalȱpointȱofȱviewȱ(Imranȱetȱal.ȱ2001a).ȱ
TheȱBilinearȱmodelȱproposedȱbyȱLocatȱ(1997)ȱhasȱbeenȱadaptedȱforȱnumericalȱmodellingȱbyȱ
Imranȱetȱal.ȱ(2001a)ȱasȱfollows:ȱ
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where:ȱ
Wȱ=ȱshearȱstressȱ(Pa)ȱ
Jȱ=ȱshearȱstrainȱrateȱ(sȬ1)ȱ
Jrȱ=ȱreferenceȱstrainȱrateȱ(sȬ1)ȱ
rȱ=ȱratioȱofȱstrainȱratesȱ
Wyaȱ=ȱapparentȱyieldȱstrengthȱ(Pa)ȱ
Pdhȱ=ȱviscosityȱatȱhighȱshearȱstrainȱratesȱ(plasticȱviscosity)ȱ(Pa.s)ȱ
J0ȱ=ȱshearȱstrainȱrateȱatȱtheȱtransitionȱfromȱaȱNewtonianȱtoȱaȱBinghamȱbehaviourȱ(sȬ1)ȱ
EvenȱthoughȱtheȱBINGȱcodeȱisȱaȱgoodȱoptionȱtoȱperformȱdebrisȱflowȱnumericalȱsimulations,ȱ
itȱ hasȱ someȱ limitationsȱ thatȱ areȱ importantȱ toȱ keepȱ inȱmindȱ duringȱ theȱ interpretationȱ ofȱ
results.ȱTheȱmainȱlimitationsȱofȱtheȱmodelȱareȱlistedȱbelowȱ(Imranȱetȱal.ȱ2001a):ȱ
a) Notȱsuitableȱforȱtooȱsteepȱslopeȱbedsȱonȱwhichȱtheȱflowȱwillȱoccur;ȱ
b) Lateralȱspreadingȱofȱtheȱdebrisȱflowȱisȱnotȱconsidered;ȱ
c) Assumptionȱofȱparabolicȱshapeȱinȱtheȱinitialȱshapeȱofȱtheȱdebrisȱmass;ȱ
d) Theȱassumptionȱthatȱtheȱflowȱremainsȱlaminarȱduringȱtheȱentireȱsimulationȱtime;ȱ
e) TheȱhydroplaningȱphenomenonȱobservedȱbyȱMohrigȱetȱal.ȱ(1998)ȱisȱnotȱincorporatedȱinȱ
theȱmodel;ȱ
f) Theȱmodelȱdoesȱnotȱ incorporateȱ theȱpossibilityȱofȱresistanceȱgeneratedȱatȱ theȱ interfaceȱ
betweenȱtheȱmovingȱdebrisȱandȱtheȱambientȱfluidȱabove.ȱ
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3.2.2ȱ AccountingȱofȱInputȱUncertaintiesȱusingȱMonteȱCarloȱSimulationȱ
Toȱaccountȱ forȱ theȱBINGȱ inputȱparametersȱuncertaintyȱonȱ theȱ runoutȱdistance,ȱ theȱ
MonteȱCarloȱsimulationȱmethodȱwasȱusedȱtoȱobtainȱprobabilityȱdistributionȱfunctionsȱofȱtheȱ
runoutȱdistance.ȱ
Theȱ randomȱvariablesȱusedȱ inȱ theȱMonteȱCarloȱ simulations,ȱ togetherȱwithȱ theirȱproposedȱ
probabilityȱdistributionsȱandȱprobabilityȱmomentsȱorȱrangeȱofȱvaluesȱareȱlistedȱinȱTableȱ5.ȱ
Tableȱ5.ȱRandomȱvariables.ȱ
Variableȱ Mean,ȱStdȱorȱRangeȱ ProbabilityȱFunctionȱ
Umudȱ(kg/m3)ȱ 1337,ȱ29ȱ Normalȱ
Wyaȱ(Pa)ȱ 353,ȱ100ȱ Normalȱ
Jrȱ(1/s)ȱ 1039,ȱ52ȱ Normalȱ
rȱ 6414,ȱ1843ȱ Normalȱ
InitialȱGeometryȱ 1ȱandȱ2ȱ DiscreteȱUniformȱ
ȱ
Theȱ aboveȱ inputȱ parametersȱ areȱ theȱ mudȱ densityȱ (Umud),ȱ apparentȱ yieldȱ strengthȱ (Wya),ȱ
referenceȱshearȱstrainȱ(Jr),ȱratioȱofȱstrainȱratesȱ(r),ȱandȱinitialȱgeometryȱconfiguration.ȱ
Sinceȱ theȱwaterȱcontentȱ inȱ theȱ flowingȱmassȱplaysȱaȱkeyȱ roleȱ inȱ theȱdynamicsȱofȱ theȱmudȱ
flow,ȱ theȱ rangeȱ ofȱ valuesȱ forȱ theȱmudȱ densityȱ asȱwellȱ asȱ theȱ parametersȱ ofȱ theȱ Bilinearȱ
rheologicalȱmodelȱ(Wya,ȱJrȱandȱr)ȱwereȱsetȱbasedȱonȱtheȱwaterȱcontentȱofȱtheȱflowingȱmassȱandȱ
theȱempiricalȱcorrelationsȱdevelopedȱbyȱLocatȱ(1997).ȱ
RegardingȱtheȱrandomȱvariableȱidentifiedȱasȱInitialȱGeometry,ȱthisȱvariableȱaccountsȱforȱtheȱ
initialȱ geometryȱ configurationȱ ofȱ theȱ failedȱ sediments.ȱBINGȱ assumesȱ byȱdefaultȱ thatȱ theȱ
initialȱgeometryȱofȱtheȱdebrisȱmassȱhasȱaȱparabolicȱshape.ȱThus,ȱtheȱinputȱparametersȱareȱtheȱ
initialȱ lengthȱofȱmudȱdepositȱ (baseȱofȱ theȱparabola),ȱ andȱ theȱmaximumȱ thicknessȱofȱmudȱ
depositȱ(heightȱofȱtheȱparabola).ȱ
Basedȱ onȱ theȱ seismicȱ slopeȱ stabilityȱ analysesȱ forȱ theȱ site,ȱ itȱwasȱ estimatedȱ thatȱ theȱ slideȱ
surfaceȱmayȱoccurȱatȱ8mȱbeneathȱseafloorȱ inȱ theȱupperȱpartȱofȱ theȱcomposedȱslopeȱmodel.ȱ
Consequentlyȱtheȱunitȱcrossȱsectionȱvolumeȱalongȱtheȱfailureȱsurfaceȱisȱaboutȱ8mȱuȱ600mȱuȱ
1m.ȱ Toȱ runȱ theȱ numericalȱ simulationsȱ itȱ wasȱ proposedȱ toȱ useȱ twoȱ initialȱ geometryȱ
configurations:ȱȱ
1.ȱConfigurationȱNo.1ȱmatchesȱtheȱinitialȱlengthȱofȱtheȱestimatedȱslideȱsurfaceȱwithȱtheȱinitialȱ
lengthȱofȱmudȱdepositȱ(i.e.ȱbaseȱofȱtheȱparabolaȱ=ȱ600m),ȱandȱaȱmaximumȱthicknessȱofȱmudȱ
depositȱofȱ12m.ȱȱ
2.ȱConfigurationȱNo.2ȱmatchesȱ theȱ initialȱ thicknessȱofȱ theȱslideȱsurfaceȱwithȱ theȱmaximumȱ
thicknessȱofȱtheȱmudȱdepositȱ(i.e.ȱheightȱofȱtheȱparabolaȱ=ȱ8m),ȱandȱanȱinitialȱlengthȱofȱmudȱ
depositȱofȱ900m.ȱȱ
ȱ
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InȱtheȱMonteȱCarloȱsimulations,ȱ100ȱvaluesȱforȱeachȱrandomȱvariableȱwereȱgeneratedȱusingȱ
theȱspecifiedȱrangesȱandȱprobabilityȱdistributionȱfunctionsȱshownȱ inȱTableȱ5.ȱTheȱstratifiedȱ
LatinȱHyperȱCubeȱsamplingȱtechniqueȱproposedȱbyȱMcKayȱetȱal.ȱ(2000)ȱwasȱusedȱtoȱensureȱaȱ
goodȱrepresentationȱofȱtheȱdistributionȱfunctionsȱforȱallȱtheȱrandomȱvariables.ȱ
3.2.3ȱ ProbabilisticȱRunoutȱDistanceȱEstimationȱ
Figureȱ 13ȱ showsȱ theȱ probabilityȱ densityȱ functionsȱ generatedȱ inȱ MATLABȱ
(MathWorksȱ2012)ȱtoȱfitȱtheȱnumericallyȱsimulatedȱrunoutȱdistanceȱdata.ȱItȱcanȱbeȱobservedȱ
thatȱ theȱ lognormalȱdistributionȱ fitsȱ theȱdataȱwell.ȱTheȱmeanȱandȱstandardȱdeviationȱofȱ theȱ
fittedȱdistributionȱareȱ9.97ȱkmȱandȱ2.83ȱkmȱ respectively.ȱThisȱprobabilityȱdistributionȱwasȱ
usedȱ toȱ estimateȱ theȱ probabilityȱ ofȱmudȱ reachingȱ specificȱ locationsȱ onceȱ theȱ slopeȱunderȱ
analysisȱhasȱfailed.ȱ
Theȱ offshoreȱ naturalȱ gasȱ fieldȱ inȱ theȱ Southȱ partȱ ofȱ theȱGulfȱ ofȱMexicoȱ isȱ plannedȱ toȱ beȱ
developedȱbyȱdeployingȱaȱsystemȱofȱsevenȱwellsȱandȱtwoȱmanifolds,ȱcalledȱManifoldȱSouthȱ
andȱManifoldȱNorthȱ(Fig.ȱ14).ȱTheȱManifoldȱSouthȱwillȱhaveȱfourȱwellsȱconnectedȱaroundȱitȱ
andȱ theȱManifoldȱNorthȱwillȱ haveȱ threeȱwellsȱ connectedȱ aroundȱ it.ȱ Theȱ riskȱ assessmentȱ
studyȱ focusedȱonȱ theȱ consequencesȱofȱmudflowȱ impactȱonȱ theȱ twoȱmanifoldsȱ thatȱwillȱbeȱ
deployedȱtoȱdevelopȱtheȱnaturalȱgasȱfield.ȱ
ȱ
Figureȱ13.ȱRunoutȱdistanceȱprobabilityȱdensityȱ functionsȱfittingȱ theȱnumericallyȱsimulationȱ
data.ȱ
Manifoldȱ Southȱ andȱManifoldȱNorthȱ areȱ locatedȱ aboutȱ 10.5ȱ kmȱ andȱ 14.0ȱkmȱ respectivelyȱ
fromȱ theȱ crownȱofȱ theȱ slopeȱunderȱ investigationȱ (Fig.ȱ14).ȱTheȱprobabilityȱofȱ theseȱ seabedȱ
structuresȱbeenȱ impactedȱbyȱ theȱmudȱ flow,ȱgivenȱ thatȱ theȱ slopeȱhasȱ failed,ȱwasȱestimatedȱ
usingȱEq.ȱ(5).ȱ
Pimpactȱ=ȱP(RunoutȱDistanceȱǃȱManifoldȱLocation)ȱ ȱ ȱ (5)ȱ
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ȱ
Figureȱ14.ȱExpectedȱrunoutȱpathȱofȱtheȱfailedȱsediments,ȱandȱlocationȱofȱsourceȱandȱexposedȱ
elementsȱforȱtheȱriskȱanalysis.ȱ
Theȱconditionalȱimpactȱprobabilitiesȱ(givenȱthatȱslopeȱfailureȱhasȱoccurred)ȱforȱtheȱManifoldȱ
Southȱ andȱ Manifoldȱ Northȱ areȱ PimpactMSȱ =ȱ 0.37ȱ andȱ PimpactMNȱ =ȱ 0.09ȱ respectively.ȱ Theseȱ
probabilitiesȱareȱbasedȱonȱ theȱ lognormalȱprobabilityȱdistributionȱ functionȱ thatȱbestȱ fitsȱ theȱ
numericalȱrunoutȱdistanceȱdata.ȱ
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3.3ȱ ConsequencesȱofȱEarthquakeȬInducedȱSlopeȱFailureȱ
Inȱ general,ȱ thereȱ areȱ twoȱ categoriesȱ ofȱ consequences:ȱ directȱ consequencesȱ andȱ
indirectȱ consequences.ȱ Thereȱ areȱ methodsȱ andȱ recommendationsȱ toȱ quantifyȱ theȱ directȱ
consequences.ȱHowever,ȱ quantificationȱ ofȱ indirectȱ consequencesȱ isȱ notȱ trivialȱ givenȱ theirȱ
qualitativeȱnature.ȱTheȱdirectȱconsequencesȱareȱrelatedȱprimarilyȱtoȱtheȱlossȱofȱhumanȱlivesȱ
andȱeconomicȱlosses.ȱ
Inȱ journalȱpaperȱno.ȱ3,ȱtheȱquantificationȱofȱ theȱdirectȱconsequencesȱfocusedȱmainlyȱonȱtheȱ
costȱofȱdamageȱorȱ totalȱ lossȱofȱ theȱoffshoreȱ equipmentȱ (i.e.ȱproductionȱmanifolds),ȱ ratherȱ
thanȱtheȱeconomicȱlossesȱdueȱtoȱproductionȱdisruptionȱandȱenvironmentalȱimpact.ȱAlthoughȱ
theȱeconomicȱ lossesȱdueȱtoȱproductionȱdisruptionȱandȱenvironmentalȱ impactȱmayȱbeȱmoreȱ
significantȱandȱimportantȱthanȱtheȱcostȱofȱtheȱequipment,ȱtheirȱestimationȱrequiresȱcomplexȱ
analyticalȱscenariosȱthatȱareȱbeyondȱtheȱscopeȱofȱthisȱresearch.ȱ
3.3.1ȱ VulnerabilityȱCurvesȱforȱManifoldsȱ
Asȱ mentionedȱ earlier,ȱ inȱ thisȱ analysisȱ itȱ wasȱ consideredȱ thatȱ theȱ criticalȱ seabedȱ
installationsȱexposedȱtoȱmudȱflowȱimpactȱhazardȱareȱtheȱmanifolds.ȱAȱproductionȱmanifoldȱ
isȱ aȱ subseaȱ structureȱ containingȱ valvesȱ andȱ pipeworkȱ designedȱ toȱ combineȱ andȱ directȱ
producedȱ fluidsȱ fromȱmultipleȱwellsȱ intoȱ oneȱ orȱmoreȱ flowlines.ȱ Itȱ isȱ assumedȱ thatȱ theȱ
pipelinesȱthatȱtransportȱtheȱnaturalȱgasȱtoȱonshoreȱfacilitiesȱforȱfurtherȱdistributionȱfollowȱaȱ
safeȱ routeȱawayȱ fromȱ theȱmudȱ flowȱ impactȱ criticalȱzone.ȱTheȱ sameȱappliesȱ forȱ theȱ subseaȱ
umbilicals,ȱwhichȱ formȱ theȱ linkȱbetweenȱ topsideȱandȱ subseaȱ systemsȱbyȱaȱ seriesȱofȱcablesȱ
andȱpipesȱmeantȱtoȱprovideȱpowerȱandȱcontrolȱtoȱtheȱsubseaȱsystems.ȱ
Toȱestimateȱtheȱconsequences,ȱtheȱvulnerabilityȱcurvesȱforȱeachȱelementȱatȱriskȱareȱrequired.ȱ
Theȱ estimatedȱvulnerabilityȱ (fragility)ȱ curvesȱ forȱ theȱmanifoldsȱwereȱ basedȱ onȱ theȱ lateralȱ
capacityȱofȱtheirȱfoundation.ȱTheȱfoundationȱsolutionȱofȱtheȱmanifoldsȱareȱsuctionȱcaissonsȱ
withȱapproximatelyȱ6ȱmȱdiameterȱandȱaboutȱ17ȱmȱlength.ȱ
Theȱmaximumȱlateralȱcapacityȱofȱtheȱsuctionȱpileȱthatȱmayȱresistȱtheȱmudȱflowȱimpactȱforcesȱ
isȱaboutȱ650ȱkN,ȱbasedȱonȱtheȱfoundationȱdesignȱcarriedȱoutȱbyȱRahimȱ(2014).ȱItȱisȱnotedȱthatȱ
thisȱcapacityȱdoesȱnotȱ takeȱ intoȱaccountȱ theȱshearȱrateȱeffectȱonȱsoilsȱ thatȱmayȱ increaseȱ theȱ
actualȱ lateralȱ capacityȱ severalȱ timesȱ comparedȱ toȱ theȱmonotonicȱ loading,ȱ asȱMirdamadiȱ
(2014)ȱshowedȱexperimentallyȱonȱsingleȱpilesȱsubjectedȱtoȱlateralȱimpacts.ȱ
TheȱmudȱflowȱimpactȱforcesȱwereȱestimatedȱonȱtheȱbasisȱofȱtheȱworkȱdoneȱbyȱZakeriȱ(2008)ȱ
duringȱ hisȱ PhDȱ studies.ȱ Theȱ fluidȱ dynamicsȱ approachȱ wasȱ adoptedȱ insteadȱ ofȱ theȱ
conventional,ȱ andȱ strainȬrateȬdependentȱ geotechnicalȱ approaches,ȱ becauseȱ itȱ representsȱ
betterȱtheȱbasicȱfeaturesȱofȱtheȱphenomenon.ȱ
Amongȱtheȱfluidȱdynamicsȱapproachȱmethods,ȱtheȱPfeiffȱandȱHopfingerȱ(1986)ȱmethodȱwasȱ
chosen,ȱwhichȱ isȱbasedȱonȱ laboratoryȱexperimentsȱwithȱverticalȱcylindersȱmovingȱ throughȱ
denseȱ suspensionsȱ ofȱ polystyreneȱ beadsȱ inȱ waterȱ representingȱ idealizedȱmudflow.ȱ Thisȱ
formulationȱisȱbasedȱonȱtheȱclassicȱfluidȱdynamicsȱapproachȱregardingȱtheȱforceȱexperiencedȱ
byȱanȱobjectȱmovingȱthroughȱaȱfluidȱatȱrelativelyȱlargeȱvelocityȱ(i.e.ȱhighȱReynoldsȱnumber,ȱ
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Reȱ >~1000).ȱ Theȱ dragȱ coefficientȱ isȱ aȱ functionȱ ofȱ theȱ Reynoldsȱ numberȱ (Reȱ =ȱ Inertialȱ
Forces/ViscousȱForces)ȱasȱwellȱasȱtheȱshapeȱandȱsurfaceȱrugosityȱofȱtheȱobject.ȱ
Inȱthisȱstudyȱitȱisȱassumedȱthatȱtheȱmudȱflowȱwillȱimpactȱtheȱtopȱpartȱofȱtheȱsuctionȱpile,ȱatȱ
theȱ interfaceȱ betweenȱ theȱ suctionȱ pileȱ andȱ theȱmanifold.ȱHenceȱ theȱ impactedȱ objectȱwasȱ
consideredȱ toȱhaveȱ aȱ cylinderȱ shapeȱwithȱ aȱ smoothȱ surface.ȱTheȱmanifoldȱ itselfȱ isȱ aȱveryȱ
complexȱsteelȱstructureȱandȱitȱisȱdifficultȱtoȱestimateȱtheȱdragȱcoefficientȱbasedȱonȱitsȱshapeȱ
andȱsurfaceȱrugosity.ȱ
Figureȱ15ȱshowsȱtheȱestimatedȱvulnerabilityȱcurvesȱforȱtheȱmanifolds,ȱwhichȱareȱaȱfunctionȱ
ofȱtheȱvelocityȱandȱtheȱthicknessȱofȱtheȱmudȱflow.ȱ
ȱ
Figureȱ 15.ȱ Vulnerabilityȱ curvesȱ forȱ exposedȱmanifoldsȱ basedȱ onȱ theȱ velocityȱ andȱmeanȱ
thicknessȱofȱtheȱmudȱflowȱatȱ10.5ȱkmȱandȱ14.0ȱkm.ȱ
Tableȱ6ȱshowsȱtheȱexpectedȱfrontȱvelocityȱandȱthicknessȱofȱtheȱmudȱflowȱatȱ10.5ȱkmȱ(positionȱ
ofȱManifoldȱSouth)ȱandȱ14.0ȱkmȱ (positionȱofȱManifoldȱNorth)ȱ fromȱ theȱcrownȱofȱ theȱslopeȱ
respectively.ȱ Theȱ valuesȱ listedȱ inȱ Tableȱ 6ȱ areȱ basedȱ onȱ probabilisticȱ analysesȱ ofȱ theȱ
simulationȱoutputȱdata.ȱ
Tableȱ6.ȱExpectedȱfrontȱvelocityȱandȱthicknessȱofȱmudȱflow.ȱ
DistanceȱfromȱtheȱCrownȱofȱ
theȱSlopeȱ(km)ȱ
FrontȱVelocityȱ(m/s)ȱ MudȱThicknessȱ(m)ȱ
10.5ȱ 23ȱ 1.15ȱ
14.0ȱ 21ȱ 0.85ȱ
ȱ
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3.4ȱ RiskȱQuantificationȱ
ToȱestimateȱtheȱriskȱassociatedȱtoȱearthquakeȬinducedȱsubmarineȱslopeȱfailureȱforȱtheȱ
futureȱdeepwaterȱnaturalȱgasȱdevelopmentȱinȱtheȱGulfȱofȱMexico,ȱtheȱclassicalȱdefinitionȱofȱ
RiskȱasȱshownȱinȱEq.ȱ(6)ȱwasȱapplied.ȱ
Riskȱ=ȱHazardȱuȱConsequencesȱ ȱ ȱ ȱ (6)ȱ
Inȱ thisȱ context,ȱHazardȱ canȱbeȱdefinedȱ asȱ theȱprobabilityȱ ofȱ sedimentsȱ impactingȱoffshoreȱ
structuresȱgivenȱthatȱaȱsubmarineȱslopeȱhasȱfailed,ȱandȱcanȱbeȱestimatedȱwithȱEq.ȱ(7).ȱ
P[Sedimentsȱimpactingȱseabedȱinstallation]ȱ=ȱP[EQȱinducedȱslopeȱfailure]ȱuȱP[Sedimentsȱreachingȱ
seabedȱinstallationȱ|ȱSubmarineȱslopeȱhasȱfailed]ȱȱ ȱ ȱ ȱ ȱ ȱ (7)ȱ
WithȱrespectȱtoȱtheȱConsequences,ȱtheyȱcanȱbeȱestimatedȱbyȱtheȱsummationȱofȱtheȱproductsȱofȱ
theȱelementȱatȱrisk,ȱtimesȱitsȱvulnerabilityȱasȱshownȱinȱEq.ȱ(8).ȱ
ܥ݋݊ݏ݁ݍݑ݁݊ܿ݁ݏ ൌ σ ܧ݈݁݉݁݊ݐܽݐݎ݅ݏ݇ଵ ൈ ܸݑ݈݊݁ݎܾ݈ܽ݅݅ݐݕଵ௡ଵ ൅ ڮܧ݈݁݉݁݊ݐܽݐݎ݅ݏ݇௡ ൈ
ܸݑ݈݊݁ݎܾ݈ܽ݅݅ݐݕ௡ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ (8)ȱ
InȱorderȱtoȱimplementȱtheȱcontributionsȱdevelopedȱforȱtheȱhazardȱanalysisȱduringȱthisȱPhDȱ
programmeȱ intoȱ theȱ riskȱ analysisȱ stage,ȱ theȱ coȬseismicȱ andȱ theȱ postȬseismicȱ earthquakeȬ
inducedȱ slopeȱ failureȱ riskȱ analysesȱwereȱ estimated.ȱMoreover,ȱ theȱ estimationȱ ofȱ theȱAFPȱ
basedȱonȱtheȱgeologicalȱevidenceȱapproachȱwasȱconsideredȱasȱtheȱlowerȱboundȱofȱtheȱpostȬ
seismicȱannualȱ failureȱprobability,ȱandȱ theȱnumericalȱapproachȱasȱ theȱupperȱboundȱofȱ theȱ
postȬseismicȱannualȱfailureȱprobabilityȱ(i.e.ȱUAFPgeologicalȱ=ȱ7.3ȉ10Ȭ4ȱandȱUAFPnumericalȱ=ȱ1.210Ȭ3)ȱ
duringȱtheȱriskȱassessmentȱofȱtheȱdeepwaterȱnaturalȱgasȱdevelopmentȱinȱtheȱGulfȱofȱMexico.ȱ
Theȱmainȱoutcomesȱ fromȱ theȱdirectȱ riskȱanalysisȱareȱshownȱbelow.ȱTheȱdetailȱcalculationsȱ
canȱbeȱfoundȱinȱJournalȱpaperȱno.ȱ3.ȱ
Toȱ obtainȱ theȱ directȱ risk,ȱ theȱ generalȱ formulationȱ ofȱ Eq.ȱ (6)ȱwasȱ used,ȱ togetherȱwithȱ theȱ
assumptionȱthatȱtheȱcostȱofȱManifoldȱSouthȱandȱManifoldȱNorthȱareȱtheȱsameȱasȱfollows:ȱ
CoȬSeismic:ȱ
ܦ݅ݎ݁ܿݐܴ݅ݏ݇஼௢ିௌ௘௜௦௠௜௖ 
ൌ ෍ʹǤͷͺͳͲିହெௌ ൈ ܯ݂ܽ݊݅݋݈݀ܵ݋ݑݐ݄ሺ̈́ሻெௌ
ଶ
ଵ
൅ ͸Ǥʹ͹ͳͲି଺ெே
ൈ ܯ݂ܽ݊݅݋݈݀ܰ݋ݎݐ݄ሺ̈́ሻெே ൌ ࡹࢇ࢔࢏ࢌ࢕࢒ࢊሺ̈́ሻ ൈ ൫૜Ǥ ૛૚૚૙૞൯ȱ
PostȬSeismic:ȱ
ܦ݅ݎ݁ܿݐܴ݅ݏ݇௅௢௪௘௥஻௢௨௡ௗ 
ൌ ෍ʹǤ͹ͲͳͲିସெௌ ൈ ܯ݂ܽ݊݅݋݈݀ܵ݋ݑݐ݄ሺ̈́ሻெௌ
ଶ
ଵ
൅ ͸Ǥͷ͹ͳͲିହெே
ൈ ܯ݂ܽ݊݅݋݈݀ܰ݋ݎݐ݄ሺ̈́ሻெே ൌ ࡹࢇ࢔࢏ࢌ࢕࢒ࢊሺ̈́ሻ ൈ ൫૜Ǥ ૜૟૚૙૝൯ȱ
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ܦ݅ݎ݁ܿݐܴ݅ݏ݇௎௣௣௘௥஻௢௨௡ௗ 
ൌ ෍ͶǤͶͶͳͲିସெௌ ൈ ܯ݂ܽ݊݅݋݈݀ܵ݋ݑݐ݄ሺ̈́ሻெௌ
ଶ
ଵ
൅ ͳǤͲͺͳͲିସெே
ൈ ܯ݂ܽ݊݅݋݈݀ܰ݋ݎݐ݄ሺ̈́ሻெே ൌ ࡹࢇ࢔࢏ࢌ࢕࢒ࢊሺ̈́ሻ ൈ ൫૞Ǥ ૞૛૚૙૝൯ȱ
Consequently,ȱtheȱ lowerȱboundȱpostȬseismicȱdirectȱannualȱriskȱ isȱ10ȱtimesȱgreaterȱthanȱtheȱ
coȬseismicȱ directȱ risk,ȱ andȱ theȱ upperȱ boundȱ postȬseismicȱ directȱ annualȱ riskȱ isȱ 17ȱ timesȱ
greaterȱ thanȱ theȱ coȬseismicȱdirectȱ riskȱ associatedȱwithȱ theȱ earthquakeȬinducedȱ submarineȱ
slopeȱfailureȱatȱtheȱsiteȱunderȱstudy.ȱ
ȱ ȱ
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Chapterȱ4ȱ
4.ȱ MAINȱFINDINGSȱ
Theȱmainȱ findingsȱofȱ theȱPhDȱ research,ȱwhichȱ areȱdescribedȱ inȱ theȱpeerȬreviewedȱ
journalȱpapers,ȱareȱsummarizedȱbelow.ȱ
Theȱ aimȱofȱ journalȱpaperȱNo.ȱ1ȱwasȱ toȱquantifyȱ theȱ influenceȱofȱ theȱpresenceȱofȱaȱ
weakȱlayerȱonȱtheȱstabilityȱofȱaȱclayȱsubmarineȱslopeȱunderȱseismicȱloading.ȱThisȱwasȱdoneȱ
byȱconsideringȱ theȱstabilityȱofȱ theȱslopeȱbeforeȱ (preȬseismic),ȱduringȱ (coȬseismic)ȱandȱafterȱ
theȱearthquakeȱ(postȬseismic).ȱ
Theȱ studyȱdescribedȱmethodsȱ toȱassessȱ theȱ evolutionȱofȱ theȱ resistanceȱ forcesȱofȱ theȱ slope,ȱ
focusingȱmainlyȱ onȱ theȱ evolutionȱ ofȱ theȱundrainedȱ shearȱ strengthȱ forȱ theȱ coȬseismicȱ andȱ
postȬseismicȱphases.ȱ
TheȱframeworkȱofȱtheȱstudyȱisȱbasedȱonȱcomparingȱtwoȱquasiȬidenticalȱslopes:ȱtheȱreferenceȱ
case,ȱ calledȱ theȱ Initialȱ SlopeȱModel,ȱmimicsȱ theȱ sameȱ characteristicsȱ asȱ aȱ submarineȱ clayȱ
slopeȱfoundȱinȱtheȱSiteȱ1ȱzone,ȱGulfȱofȱMexico.ȱTheȱotherȱcase,ȱidentifiedȱasȱtheȱWeakȱLayerȱ
SlopeȱModel,ȱisȱidenticalȱtoȱtheȱfirstȱmodelȱexceptȱforȱaȱweakȱlayerȱlocatedȱatȱ25mȱdepth.ȱTheȱ
comparisonsȱ ofȱ theȱ twoȱ slopesȱ includedȱ staticȱ slopeȱ stabilityȱ assessmentȱ usingȱ theȱ limitȱ
equilibriumȱmethodȱandȱ theȱ finiteȱelementȱmethod,ȱpseudoȬstaticȱanalysesȱusingȱ theȱ limitȱ
equilibriumȱmethod,ȱandȱ1ȬDȱandȱ2ȬDȱnonȬlinearȱdynamicȱanalysesȱusingȱtheȱfiniteȱelementȱ
methods.ȱ
Givenȱtheȱcomplexityȱofȱtheȱproblem,ȱtheȱdegradationȱofȱtheȱsoilȱstrengthȱduringȱandȱafterȱ
theȱ earthquakeȱ loadingȱ wasȱ estimatedȱ throughȱ aȱ decoupledȱ approachȱ basedȱ onȱ theȱ
calculatedȱshearȱstrainsȱandȱresultsȱofȱadvancedȱlaboratoryȱtests.ȱ
Theȱ resultsȱ ofȱ theȱ studyȱ showȱ quantitativelyȱ theȱ importantȱ roleȱ ofȱ aȱweakȱ layerȱ inȱ theȱ
initiationȱofȱaȱsubmarineȱlandslideȱunderȱaȱstrongȱearthquake.ȱ
Journalȱ paperȱNo.ȱ 2ȱ focusedȱ onȱ estimatingȱ theȱ probabilityȱ ofȱ earthquakeȬinducedȱ
submarineȱ slopeȱ failureȱ (hazard),ȱ whichȱ isȱ anȱ importantȱ inputȱ toȱ quantitativeȱ riskȱ
assessment.ȱ Aȱ novelȱ procedureȱ calledȱ theȱ Fragilityȱ Curveȱ approach,ȱ whichȱ isȱ basedȱ onȱ
probabilisticȱ seismicȱhazardȱanalyses,ȱgroundȱ responseȱanalyses,ȱandȱadvancedȱ laboratoryȱ
tests,ȱwasȱdevelopedȱandȱappliedȱinȱtheȱstudy.ȱTheȱFragilityȱCurveȱapproachȱmakesȱuseȱofȱ
availableȱgeological,ȱgeophysical,ȱgeotechnicalȱandȱseismologicalȱinformation,ȱandȱaccountsȱ
forȱtheirȱsignificantȱuncertaintiesȱinȱtheȱestimationȱofȱtheȱannualȱprobabilityȱofȱslopeȱfailure.ȱ
Fragilityȱcurvesȱforȱslopeȱfailureȱduringȱtheȱearthquakeȱ(coȬseismic)ȱandȱafterȱtheȱearthquakeȱ
(postȬseismic)ȱwereȱdevelopedȱ inȱ theȱ study.ȱTheȱprobabilityȱofȱ slopeȱ failureȱcalculatedȱ forȱ
theȱ latterȱ situationȱ comparedȱwellȱwithȱ theȱgeologicalȱ evidence.ȱTheȱ exampleȱ calculationsȱ
showedȱthatȱtheȱFragilityȱCurveȱapproachȱprovidesȱaȱclearȱandȱwellȱorganizedȱprocedureȱforȱ
estimatingȱ theȱAnnualȱ Failureȱ Probabilityȱ (AFP)ȱ ofȱ aȱ submarineȱ slopeȱ underȱ earthquakeȱ
loading.ȱ
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Journalȱ paperȱ No.ȱ 3ȱ presentsȱ aȱ quantitativeȱ analysisȱ ofȱ theȱ riskȱ associatedȱ withȱ
earthquakeȬinducedȱslopeȱfailureȱforȱtheȱfutureȱdeepwaterȱnaturalȱgasȱfieldȱdevelopmentȱinȱ
theȱsouthernȱpartȱofȱ theȱGulfȱofȱMexico.ȱTheȱslopeȱ failureȱprobabilityȱwasȱestimatedȱusingȱ
theȱFragilityȱCurveȱapproachȱdescribedȱinȱ journalȱpaperȱNo.ȱ2.ȱTheȱmainȱthreatȱposedȱbyȱaȱ
submarineȱslopeȱfailureȱonȱseabedȱinstallationsȱatȱthisȱsiteȱisȱtheȱimpactȱofȱmudȱflowsȱonȱtheȱ
manifoldsȱonȱseabed.ȱ
Theȱprobabilityȱofȱaȱmudȱflowȱgeneratedȱbyȱslopeȱfailureȱimpactingȱtheȱmanifoldsȱrequiredȱ
toȱdevelopȱtheȱnaturalȱgasȱfieldȱwasȱestablishedȱbyȱnumericalȱsimulations.ȱTheȱMonteȱCarloȱ
simulationȱmethodȱwasȱusedȱ toȱaccountȱ forȱ theȱ inputȱmodelȱparameterȱuncertainties.ȱTheȱ
consequencesȱ ofȱmudȱ flowȱ impactȱwereȱ estimatedȱ basedȱ onȱ theȱ calculatedȱ vulnerabilityȱ
curvesȱforȱtheȱfoundationsȱofȱtheȱmanifolds.ȱ
Theȱestimationȱofȱtheȱdirectȱriskȱwasȱbasedȱonȱtheȱcostȱofȱlosingȱtheȱmanifoldsȱbyȱusingȱtheȱ
classicȱdefinitionȱofȱriskȱ(i.e.ȱRiskȱ=ȱHazardȱ×ȱConsequences).ȱ
Theȱanalysesȱ impliedȱ thatȱ theȱdirectȱ riskȱafterȱ theȱ earthquakeȱ eventȱ isȱaboutȱoneȱorderȱofȱ
magnitudeȱ greaterȱ thanȱ duringȱ theȱ earthquakeȱ event.ȱ Therefore,ȱ theȱ analysisȱ ofȱ slopeȱ
stabilityȱ atȱ differentȱ stagesȱ ofȱ theȱ seismicȱ eventȱ mayȱ provideȱ valuableȱ informationȱ inȱ
choosingȱtheȱappropriateȱriskȱmanagementȱoption.ȱ
ȱ ȱ
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Chapterȱ5ȱ
5.ȱ CONCLUSIONSȱANDȱRECOMMENDATIONSȱFORȱ
FUTUREȱWORKȱ
Theȱestimationȱofȱtheȱriskȱassociatedȱtoȱtheȱfailureȱofȱsubmarineȱslopesȱsubjectedȱtoȱ
seismicȱ loadingȱ involvesȱ theȱstudyȱofȱaȱwideȱspectrumȱofȱ technicalȱfields.ȱInȱgeneral,ȱ thereȱ
areȱ twoȱmainȱ approachesȱ toȱbeȱ followed,ȱ theȱdeterministicȱ approach,ȱwhichȱprovidesȱ theȱ
mechanicsȱ ofȱ theȱ slopeȱ stability,ȱ slidingȱ processȱ andȱ impactȱ forces,ȱ andȱ theȱ probabilisticȱ
approach,ȱwhichȱprovidesȱ theȱ frequencyȱofȱ eventsȱ andȱ accountsȱ forȱ theȱkeyȱuncertaintiesȱ
involvedȱthroughoutȱtheȱriskȱanalysis.ȱTogetherȱtheyȱhelpȱtoȱestimateȱtheȱriskȱassociatedȱtoȱ
thisȱnaturalȱprocessȱofȱmassȱtransportȱinȱtheȱmarineȱenvironment.ȱ
Theȱmainȱ conclusionsȱ ofȱ thisȱ researchȱ areȱ categorizedȱunderȱ theȱ followingȱ themes:ȱ slopeȱ
stabilityȱ(deterministic),ȱhazardȱanalysisȱ(probabilistic),ȱandȱriskȱanalysisȱ(probabilistic):ȱ
SlopeȱStabilityȱ
x Theȱ phenomenonȱ ofȱ submarineȱ landslidesȱ inȱ passiveȱ marginsȱ withȱ gentleȱ slopeȱ
anglesȱisȱstillȱunderȱinvestigationȱbyȱtheȱinternationalȱresearchȱcommunity.ȱTheȱkeyȱ
toȱ understandȱ manyȱ ofȱ theseȱ eventsȱ liesȱ inȱ betterȱ understandingȱ ofȱ theȱ
preconditioningȱfactors,ȱratherȱthanȱtheȱexternalȱtriggers.ȱ
x Thisȱ researchȱ showedȱ quantitativelyȱ theȱ negativeȱ influenceȱ ofȱ geotechnicalȱ
contrastingȱ soilȱ interfacesȱ (i.e.ȱweakȱ layers,ȱ andȱNCȱ soilȱ layersȱoverlayingȱOCȱ soilȱ
layers)ȱ onȱ theȱ seismicȱ stabilityȱ ofȱ submarineȱ slopes.ȱ Therefore,ȱ itȱ isȱ importantȱ toȱ
identifyȱ theseȱ interfacesȱ /ȱweakȱ layersȱ duringȱ theȱ siteȱ investigationȱ activitiesȱ andȱ
characterizeȱ themȱ basedȱ onȱ theirȱ location,ȱ thicknessȱ andȱ contrastȱ inȱ stiffnessȱ andȱ
strengthȱrelativeȱtoȱtheȱneighbouringȱlayersȱtoȱassessȱtheirȱimpact.ȱ
x Theȱ resultsȱ regardingȱ theȱ influenceȱ ofȱ aȱ hypotheticalȱ weakȱ layerȱ atȱ 25mȱ belowȱ
seafloor,ȱonȱ theȱ staticȱ stabilityȱofȱ theȱ slopeȱbeforeȱ theȱ earthquakeȱ showedȱ thatȱ theȱ
presenceȱ ofȱ theȱweakȱ layerȱmayȱ reduceȱ theȱ factorȱ ofȱ safetyȱ byȱ 42%ȱ (i.e.ȱ FSȱ =ȱ 1.91ȱ
withoutȱweakȱlayerȱvs.ȱFSȱ=ȱ1.10ȱwithȱweakȱlayer).ȱ
x Afterȱaccountingȱ forȱ theȱcyclicȱdegradationȱofȱ theȱ shearȱ strengthȱofȱ soilȱ layersȱ thatȱ
developedȱlargeȱshearȱstrains,ȱaȱfurtherȱdecreaseȱofȱ43%ȱinȱtheȱfactorȱofȱsafetyȱofȱtheȱ
WeakȱLayerȱModelȱwasȱobserved.ȱAccordingȱtoȱtheȱanalyses,ȱtheȱWeakȱLayerȱSlopeȱ
Modelȱwillȱfailȱduringȱtheȱearthquake,ȱbecauseȱtheȱshearȱstrengthȱinȱtheȱweakȱlayersȱ
isȱdegradedȱsoȱmuchȱduringȱ theȱseismicȱ loadingȱ thatȱ theȱslopeȱ isȱnoȱ longerȱableȱ toȱ
supportȱitsȱownȱweight.ȱ
x AfterȱaccountingȱforȱtheȱundrainedȱcreepȱinȱtheȱdeformedȱlayersȱofȱtheȱInitialȱSlopeȱ
Model,ȱanȱadditionalȱ10%ȱdecreaseȱofȱ theȱ factorȱofȱsafetyȱ isȱshownȱdueȱ toȱstrengthȱ
degradationȱ inȱ theȱ criticalȱ layer,ȱ reducingȱ theȱ safetyȱ factorȱ fromȱ 1.47ȱ duringȱ theȱ
earthquakeȱtoȱ1.33ȱafterȱtheȱearthquake.ȱ
x Theȱcurrentȱchallengeȱisȱtoȱpredictȱtheȱincrementȱofȱtheȱdrivingȱforcesȱ(i.e.ȱtriggers),ȱ
asȱwellȱ asȱ theȱdecreaseȱofȱ theȱ resistingȱ forcesȱ (i.e.ȱ soilȱ shearȱ strength),ȱ inȱ theȱ timeȱ
domain.ȱThisȱwillȱhelpȱtoȱforecastȱtheȱstateȱofȱequilibriumȱofȱtheȱslopeȱinȱallȱphasesȱofȱ
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aȱ seismicȱ eventȱ toȱ assistȱ inȱ theȱ decisionȱ processȱ toȱ setȱ offshoreȱ structuresȱ andȱ
installations.ȱ
ȱ
HazardȱAnalysisȱ
x Thisȱ researchȱ developedȱ aȱ hazardȱ analysisȱ procedureȱ calledȱ theȱ Fragilityȱ Curveȱ
approachȱ forȱ estimatingȱ theȱ submarineȱ slopeȱ annualȱ failureȱ probabilityȱ (AFP)ȱ
parameter.ȱThisȱapproachȱplaysȱaȱkeyȱroleȱforȱtheȱassessmentȱofȱtheȱriskȱassociatedȱtoȱ
theȱ seismicȱ submarineȱ slopeȱ instability,ȱ andȱ involvesȱ theȱdeterminationȱ ofȱ theȱ coȬ
seismicȱandȱpostȬseismicȱannualȱprobabilitiesȱofȱslopeȱfailure.ȱ
x Thoroughȱtheȱhazardȱanalysis,ȱkeyȱuncertaintiesȱsuchȱasȱtheȱgeotechnicalȱpropertiesȱ
ofȱ theȱ site,ȱ groundȱ motionȱ characterization,ȱ andȱ dynamicȱ responseȱ ofȱ theȱ soilȱ
sedimentsȱareȱtakingȱintoȱaccount.ȱ
x TheȱfindingsȱinȱthisȱstudyȱsuggestȱthatȱtheȱannualȱprobabilityȱofȱearthquakeȬinducedȱ
slopeȱ failureȱ forȱ theȱsubmarineȱslopeȱ locatedȱatȱ theȱsiteȱunderȱstudy,ȱ inȱ theȱGulfȱofȱ
Mexico,ȱ isȱ aboutȱ 7ڄ10Ȭ5ȱ duringȱ theȱ earthquakeȱ (coȬseismic)ȱ andȱ 1.2ڄ10Ȭ3ȱ afterȱ theȱ
earthquakeȱ(postȬseismic).ȱThisȱestimationȱseemsȱrepresentativeȱforȱtheȱconditionsȱatȱ
theȱsite,ȱandȱisȱsupportedȱbyȱtheȱgeologicalȱevidenceȱwithȱanȱAFPȱvalueȱofȱaboutȱ7ڄ10Ȭ
4.ȱ
x Theȱ calculationsȱ showȱ that,ȱ theȱ shorterȱ theȱ returnȱ periodȱ ofȱ theȱ earthquake,ȱ theȱ
greaterȱ theȱ differenceȱ betweenȱ theȱ coȬseismicȱ andȱ postȬseismicȱ conditionalȱ failureȱ
probabilities.ȱThisȱimpliesȱthatȱtheȱrelativeȱprobabilityȱofȱslopeȱfailureȱbyȱundrainedȱ
creepȱ increasesȱ inȱ lowȱ magnitudeȱ earthquakes,ȱ whichȱ isȱ consistentȱ withȱ theȱ
hypothesisȱofȱsomeȱresearchersȱwhoȱsuggestȱthatȱundrainedȱcreepȱisȱtheȱmainȱfactorȱ
forȱunderwaterȱslopeȱfailures.ȱ
ȱ
RiskȱAnalysisȱ
x Inȱthisȱstudy,ȱtheȱquantificationȱofȱtheȱconsequencesȱfocusedȱmainlyȱonȱtheȱcostȱofȱtheȱ
offshoreȱ equipmentȱ ratherȱ thanȱ theȱ economicȱ lossesȱdueȱ toȱproductionȱdisruptionȱ
andȱ environmentalȱ impact.ȱ Itȱ shouldȱ beȱ noted,ȱ however,ȱ thatȱ theȱ economicȱ lossesȱ
dueȱ toȱproductionȱdisruptionȱandȱenvironmentȱ impactȱareȱ likelyȱ toȱbeȱgreaterȱ thanȱ
theȱcostȱofȱtheȱequipment,ȱbutȱtheirȱestimationȱrequiresȱcomplexȱanalyticalȱscenariosȱ
thatȱareȱbeyondȱtheȱscopeȱofȱthisȱstudy.ȱ
x Basedȱonȱ theȱ locationȱofȱ theȱslopeȱunderȱanalysis,ȱ itȱwasȱestimatedȱ thatȱonceȱ itȱhasȱ
failed,ȱtheȱresultingȱmudȱflowȱwillȱbeȱtransportedȱalongȱtheȱexistingȱnaturalȱchannel.ȱ
Thusȱ theȱ channelȱmayȱ increaseȱ theȱ runoutȱ distanceȱ andȱ flowȱ velocityȱ thatȱ BINGȱ
modelȱ isȱ notȱ ableȱ toȱ takeȱ intoȱ account.ȱ However,ȱ itȱ isȱ believedȱ thatȱ theȱ lackȱ ofȱ
implementingȱ theȱchannelȱeffectȱ inȱ theȱnumericalȱmodelȱmayȱbeȱcompensatedȱwithȱ
theȱ overconservativeȱ runoutȱ distancesȱ foundȱ inȱ BINGȱ code,ȱ withȱ theȱ Bilinearȱ
rheologicalȱmodel,ȱ asȱ RodríguezȬOchoaȱ etȱ al.ȱ (2015)ȱ showedȱ duringȱ runoutȱ backȬ
analysesȱusingȱBING.ȱ
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x Toȱestimateȱtheȱdirectȱriskȱassociatedȱtoȱsubmarineȱslopeȱfailureȱforȱtheȱfutureȱnaturalȱ
gasȱ fieldȱ developmentȱ inȱ theȱ Gulfȱ ofȱ Mexico,ȱ theȱ manifoldsȱ locatedȱ nearbyȱ theȱ
naturalȱchannelȱwereȱconsideredȱasȱ theȱmainȱelementsȱatȱ risk.ȱVulnerabilityȱcurvesȱ
forȱtheȱmanifoldsȱwereȱdevelopedȱbasedȱonȱtheȱlateralȱcapacityȱofȱtheirȱfoundationsȱ
(suctionȱ caissons),ȱ andȱdebrisȱ flowȱdragȱ forcesȱ estimatedȱwithȱ theȱ fluidȱdynamicsȱ
approach.ȱ However,ȱ theȱ lateralȱ capacityȱ ofȱ theȱ foundationsȱ doesȱ notȱ takeȱ intoȱ
accountȱtheȱloadingȱrateȱeffectȱonȱtheȱsoilsȱduringȱtheȱimpact.ȱ
x TheȱcoȬseismicȱandȱpostȬseismicȱdirectȱrisksȱwereȱestimatedȱbasedȱonȱtheȱcostȱofȱtheȱ
manifoldsȱasȱshownȱinȱTableȱ7.ȱ
ȱ
Tableȱ7.ȱDirectȱriskȱanalysis.ȱ
ȱ
CoȬSeismicȱ
ȱ
PostȬSeismicȱ
LowerȱBoundȱ
(GeologicalȱEvidence)ȱ
UpperȱBoundȱ
(Numericalȱ
Simulations)ȱ
(3.2110Ȭ5)ȱuȱManifoldȱ($)ȱ (3.3610Ȭ4)ȱuȱManifoldȱ($)ȱ (5.5210Ȭ4)ȱuȱManifoldȱ($)ȱ
ȱ
Tableȱ 7ȱ showsȱ thatȱ theȱ postȬseismicȱ directȱ riskȱ isȱ aboutȱ oneȱ orderȱ ofȱmagnitudeȱ
greaterȱthanȱtheȱcoȬseismicȱdirectȱrisk.ȱThisȱsuggestsȱthatȱanalysingȱtheȱslopeȱstabilityȱ
atȱdifferentȱ stagesȱofȱ theȱ earthquakeȱ eventȱ (i.e.ȱduringȱ andȱ after),ȱmayȱprovideȱ anȱ
opportunityȱ toȱmanageȱ theȱriskȱmoreȱeffectivelyȱandȱmitigateȱsomeȱofȱ theȱpotentialȱ
consequencesȱofȱtheȱsubmarineȱslopeȱfailure.ȱ
ȱ
FutureȱWorkȱ
Theȱpresentȱ researchȱprovidedȱ insightsȱ forȱ futureȱwork,ȱwhichȱareȱ summarizedȱ inȱ theȱ
followingȱrecommendations:ȱ
x Performȱ sensitivityȱanalysesȱ toȱ lookȱatȱ theȱcriticalȱchangeȱ inȱ strength,ȱ stiffnessȱandȱ
thicknessȱinȱcontrastingȱsoilȱlayersȱthatȱmayȱinduceȱseismicȱslopeȱfailure.ȱ
x Lookȱforȱconstitutiveȱmodelsȱtoȱestimateȱexcessȱporeȱpressureȱandȱstrainȱsofteningȱinȱ
dynamicȱ analysesȱwithoutȱ sacrificingȱpracticality.ȱTheȱ constitutiveȱmodelȱ thatȱwasȱ
usedȱtoȱmimicȱtheȱdynamicȱresponseȱofȱtheȱmarineȱsedimentsȱinȱPLAXISȱ2Dȱwasȱtheȱ
MohrȬCoulombȱ (MȬC)ȱ model,ȱ whichȱ isȱ notȱ theȱ bestȱ modelȱ toȱ simulateȱ dynamicȱ
responseȱbecauseȱofȱ itsȱ limitationȱ toȱ captureȱ theȱ cyclicȱ strengthȱdegradationȱ inȱ theȱ
elasticȱrange.ȱ
x Studyȱ theȱ influenceȱ ofȱ thixotropyȱ inȱ soilsȱ asȱ aȱ factorȱ thatȱ mayȱ counterbalanceȱ
undrainedȱcreepȱafterȱanȱearthquakeȱevent.ȱ
x Exploreȱtheȱinfluenceȱofȱloadingȱfrequencyȱrateȱonȱtheȱmechanicalȱbehaviourȱofȱsoilsȱ
toȱimproveȱtheȱdynamicȱresponseȱpredictions.ȱ
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x Improveȱtheȱavailableȱpracticalȱrunoutȱdistanceȱmodelsȱtoȱaccountȱforȱtheȱevolutionȱ
ofȱtheȱsoilȱshearȱstrengthȱdegradationȱasȱaȱfunctionȱofȱtheȱsoilȱstructureȱdisturbanceȱ
andȱincrementȱofȱtheȱwaterȱcontentȱinȱtheȱsoilȱmass.ȱ
x DevelopȱaȱcodeȱtoȱperformȱMonteȱCarloȱprobabilisticȱrunoutȱdistanceȱanalysesȱusingȱ
moreȱadvancedȱrunoutȱmodelsȱthanȱBING.ȱ
x Finally,ȱthisȱresearchȱmetȱsomeȱlimitationsȱfromȱtheȱsoilȱtestingȱpointȱofȱview,ȱsuchȱasȱ
theȱ lackȱofȱ availableȱ soilȱ samplesȱ consolidatedȱunderȱ shearȱ stressȱ toȱ representȱ theȱ
slopeȱconfiguration;ȱandȱtheȱshortageȱofȱavailableȱsoilȱsamplesȱfromȱtheȱshelfȱbreakȱtoȱ
improveȱ theȱgeotechnicalȱ andȱdatingȱ characterizationȱofȱ theȱ soilsȱnearbyȱ theȱ slopeȱ
underȱ investigation.ȱ Itȱwouldȱbeȱ idealȱ toȱhaveȱPSHAȱdataȱ fromȱ theȱ locationȱofȱ theȱ
slopeȱunderȱinvestigationȱinsteadȱofȱaȱnearbyȱsite.ȱ
ȱ ȱ
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SUMMARY: 
In a typical soil profile for offshore deep water, the clay layers extend beneath the seafloor for hundreds of 
meters beyond the geotechnical explorations, making it difficult to accurately establish their mechanical 
properties and locate the depth of the bedrock. To quantify the response of the soil mass accounting for the 
thickness of the soil mass, the stiffness at the base and the magnitude of submarine slope angles, a sensitivity 
analysis for a site in the Gulf of Mexico was carried out. The earthquake-induced shear strain within the soil 
deposit is a key parameter in the slope stability assessment, therefore the analyses focused on the maximum 
shear strain as the main outcome. 
Based on these simulations one may conclude that the predicted response for the 100m soil profile is more 
sensitive to the stiffness of the bottom and the slope angles than that of the 200m soil profile. 
  
Keywords: dynamic response analysis, offshore geohazards, submarine slopes, earthquake-induced  shear 
strain, shear wave velocity 
  
  
1. INTRODUCTION 
 
The oil and gas industry remains the main source of energy all over the world despite the increasing 
attention to develop other sources of energy. Therefore vast effort is still focused on the quest for 
hydrocarbons, but many of the reservoirs are found in offshore sites with increasing water depths. 
Offshore structures are necessary for the development of oil and gas fields, many of them need to be 
placed in areas with potential submarine slide activity, for this reason it is important to take into 
account the stability of submarine slopes during the selection process of the sites. 
In the south part of the Gulf of Mexico, in a region called Lakach, during the exploration activities the 
National Oil Company of Mexico (PEMEX) discovered a natural gas reservoir for development. The 
gas reservoir is located about 55 km from land with water depth about 1200m. 
The geophysical survey was performed by Fugro GeoServices, Inc., from March 13th to April 24th in 
2008, the geotechnical field investigation was carryout by Fugro Chance de Mexico, S.A. de C.V. 
from August 9th to November 23th in 2008 in a vessel called M/V Fugro Explorer, Fugro (2009, 2009a, 
2009b). 
Given the seismicity of the region, where the site is influenced by the subduction zone in the pacific 
coast, there is concern about submarine landslides trigger by earthquakes that could impact the marine 
environment and the natural gas production. Therefore it is important to estimate the dynamic 
behavior of the clay sediments at the site by means of numerical simulations to assess the stability of 
the submarine slopes under seismic activity. 
To perform the ground response analysis, it is important to establish at what depth the control motion 
should be located to initiate the propagation of the shear waves throughout the soil. During the 
simulations the half-space is meant to be the boundary between the bedrock and the soil, but the 
geology of the offshore sites in deep waters normally makes it difficult to find the rock horizon 
clearly. In many offshore sites it is common to find layers of fine soil for hundreds of meters beneath 
seafloor, making it difficult to define reference bedrock on the basis of geotechnical and geophysical 
explorations. An additional difficulty is to specify which shear wave velocity for the bedrock, there are 
different criteria depending on personal experience. 
Taking into account the above issue, this paper explores the effect of the depth and stiffness of the 
bedrock in the response of the clay sediments, as well as the influence that the slope angle has on the 
dynamic response of the clay sediments. To achieve this, 1-D site response analysis for level ground 
was used as starting point to gain information about the response of the soil under earthquake loading 
conditions followed by simulations with sloping ground. 
The sensitivity analyses were performed by means of using 2 computational programs for the 
simulations SHAKE(N) (Selnes, 1987) and AMPLE (Nadim, 1985), 2 soil profile thickness with 
different shear wave velocities at the half-space and 4 different slope angles. The initial shear wave 
velocities used for the half-space were based on the estimated geotechnical soil properties and the 
increasing velocities were assigned for sensitivity analyses. 
The simulations illustrate in a quantitative manner the importance of the depth and stiffness of the 
half-space as well as the slope angle in the dynamic response of the soils. With SHAKE(N) the 100m 
soil profile shows more sensitivity to the increase in the shear wave velocity compared to the 200m 
soil profile, although the 200m soil profile produces larger shear strain values. Based on the 
simulations with AMPLE2, in general the sensitivity of both soil profiles is similar with respect to the 
shear wave velocity. Regarding the slope angle as changing variable, it can be seen the high impact 
that the slope angle has on the soil response, for example, when the slope angle increases from 0 
degrees to 15 degrees the maximum shear strain increases about 20 times. 
 
 
2. SITE CHARACTERIZATION 
 
In order to characterize the site under investigation for stability analyses, it is necessary to divide the 
activities in two main stages, regional and site specific evaluations. 
The objective of the regional survey is to get an overview of the relevant area and to give input for the 
site specific evaluations. The main sources of regional information are the geophysical surveys, 
including bathymetric mapping of the region and mapping of soil sediments. Location and estimation 
of slope angles, previous slide activities and possible unstable layers can be identified based on 
geophysical surveys. 
The objective of the site specific evaluation is to determine the slope stability for critical slopes in the 
survey area and possible submarine slides that can damage the integrity of an offshore structure. 
Special laboratory testing has to be carried out to determine the soil response to a triggering 
mechanism such as earthquake loading. 
 
2.1. Slope Geometry 
 
In the Lakach area there were identified 9 potential unstable slopes ranging from 0.1 to 9.2 degrees 
during the high resolution shallow, 200m below seafloor, geophysical survey carried out by Fugro 
GeoServices, Inc., in the Lakach zone, Fugro (2009, 2009a). 
 
2.2. Soil Geotechnical Properties 
 
In situ and laboratory tests were carried out by Fugro (2009a, 2009b) to obtain the geotechnical 
parameters to establish the soil strength and soil deformation properties. In the area, 5 boreholes were 
completed until approximately 100m depth from the seafloor. In all boreholes, PCPT tests were 
carried out from the seafloor to 100m depth, also soil sampling at different intervals depending on the 
depth range. For advanced static and dynamic laboratory tests, 24 soil samples at different depths were 
obtained for each borehole by means of nickel Shelby type tubes. 
Generally the sediments are cohesive materials classified as high plasticity clays (CH), calcareous 
soils with carbonate content between 11 to 23 %. The predominant clay mineral is montmorillonite 
followed by illite, according to the X-ray diffraction tests. 
The undrained shear strength of the clay was estimated based on PCPT in situ tests, Triaxial UU, vane 
miniature (VM), torque-meter vane (TV) and pocket penetrometer (PP) tests. 
Laboratory soil sensitivity varies from 3 to 5 until 20m depth and from 1.5 to 3 beneath 20m. 
The stress history information was obtained by means of consolidation tests at constant rate (CRS); the 
pre-consolidation effective stresses V’v,m were estimated using Casagrande and Becker methods as 
well as PCPT in situ tests using empirical correlations. The estimated OCR’s indicate that the cohesive 
soils in general fluctuate from normally consolidated to slightly over consolidated. 
The geotechnical properties of the sediments for this sensitivity study were obtained from the closest 
borehole, identified as AP-16, to the slope with the largest slope angle of 9.2 degrees, Fugro (2009, 
2009a). 
The undrained shear strength (su) soil profile for borehole AP-16 was obtained using the SHANSEP 
approach by Ladd and Foott (1974), see Fig. 2.1. 
 
 
 
Figure 2.1. Undrained shear strength soil profile 
 
 
3. SOIL DYNAMIC RESPONSE 
 
In order to estimate the stability of a slope subjected to cyclic loading, like earthquake phenomena, it 
is important to understand the dynamic response of the sediments, to achieve this, ground response 
analyses were carried out using 2 computational programs SHAKE(N) (Selnes, 1987) and AMPLE 
(Nadim, 1985). Both computer programs use the simplified one-dimensional wave propagation 
through the soil medium. The former is based on the quasi-linear approach by means of transfer 
functions for horizontal soil layers and the latter is based on the non-linear approach which solves the 
one dimensional shear wave propagation problem in horizontal or sloping layered soil profile. 
 
3.1. Shake(N) 
 
Simulations were carried out using an improved version of the original program SHAKE (Schnabel, 
et. al., 1972) called SHAKE(N) (Selnes, 1987). This computer program for analysis of earthquake 
response in horizontally layered sites was used to estimate the dynamic response of the clay layers in 
the site. The program contains a wide range of options to facilitate site response studies such as 
computations of time-histories of acceleration, velocity, displacement, transfer functions, Fourier 
spectra, duration, Husid plot, response spectra and spectral ratios. 
 
3.1.1. Input control motion 
The control motion to perform the ground response analysis was the Denali earthquake, in Alaska 
USA. Magnitude 7.9 recorded at the UA station K2-06 in November 3rd, 2002, having a focal distance 
of 270 km. This motion was recommended by Geomatrix (2006) to perform the ground response 
analysis in the region. The peak ground acceleration (PGA) was scaled to 0.098 g corresponding an 
earthquake with return period of 500 years, according to the Probability Seismic Hazard Analysis 
(PSHA) for the area done by Geomatrix (2006). For the simulations the recorded component 360 with 
duration of about 120 sec determined by means of 5-95 % total energy on Husid plot was used. The 
response spectrum for this motion is shown in Fig. 3.1. 
 
 
 
Figure 3.1. Response spectrum for Denali motion (damping ratio [ = 5%) 
 
3.1.2. Soil profile models 
To perform the sensitivity analyses, 2 soil models were established, the 100m soil profile thickness 
composed by 13 clay layers and the 200m soil profile thickness with 17 clay layers. The change in soil 
stiffness G and damping ratio [ with respect to shear strain were obtained by means of resonant 
column tests until 10-1 J (%), beyond this, cyclic DSS tests were run to estimate the G/Gmax-J (%) and 
[-J (%) curves (Fugro, 2009b).  
 
3.1.3. Stiffness at the base: Shear wave velocity (Vs) of half-space 
To estimate the effect of stiffness at the base of the clay sediments, which is related with the 
propagation of shear waves in elastic media, 6 shear wave velocities (Vs) were used at the half-space 
for simulations using the 100m soil profile thickness: 300, 433, 500, 600, 750 and 1000m/s; and 5 
shear wave velocities were used for the simulations with the 200m soil profile thickness: 433, 500, 
600, 750 and 1000m/s. The base case initial shear wave velocities of respectively 300m/s and 433 m/s 
for the 100m and 200m deep profiles are based on the estimated geotechnical soil profile. 
 
3.1.4. Dynamic response 
In this study, the maximum shear strain was considered to be the main output because of its 
significance for the stability of slopes. The maximum shear strain is calculated at the middle of each 
layer. These simulations show an increase in the soil response as the shear wave velocity at the half-
space increases having the largest response at the middle of layer 2 in all simulations, in addition the 
soil profile of 200m shows larger response than the 100m, see Fig. 3.2. 
 
3.2 Ample 
 
Non-linear dynamic response simulations were done using a modified version of AMPLE (AMPLE2), 
a computer program for nonlinear one-dimensional site response analysis (Nadim, 1985). AMPLE2 
solves the one dimensional shear wave propagation in horizontally or sloping layered soil profile using 
infinite slope model. The soil profile is modeled as a nonlinear shear beam and the resulting nonlinear 
wave propagation problem is solved in the time domain by the explicit central difference method. 
AMPLE2 provides several choices for the constitutive law for soils, ranging from the linear elastic to 
the simple strain softening model. In this analysis the hyperbolic, failure-seeking model was used. 
 
3.2.1. Input control motion 
The control motion to perform the ground response analysis with AMPLE is called Imperial Valley-06 
in California USA, magnitude 6.5 recorded at the Chihuahua, Mexico station in October 15th, 1979. 
The PGA was scaled to 0.098 g corresponding to an earthquake with return period T equal to 500 
years, according to the Probability Seismic Hazard Analysis (PSHA) for the region prepared by 
Geomatrix (2006). The recorded component named 282 had duration of about 20 sec determined by 
means of 5-95 % total energy on Husid plot. The response spectrum for this motion is shown in Fig. 
3.3. 
 
 
 
Figure 3.2. Maximum earthquake induced shear strains with SHAKE(N) simulations 
 
 
 
Figure 3.3. Response spectrum for Imperial Valley-06 motion (damping ratio [ = 5%) 
 
3.2.2. Soil profile models 
The same soil profiles were used as with SHAKE(N) but with a reduction in the thickness of the top 
clay layers to improve the performance of the computer program, resulting 22 clay layers for the 100m 
soil profile and 26 clay layers for the 200m soil profile.  
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To study the effects of the stiffness at the base on the dynamic response, the same shear wave 
velocities as in SHAKE(N) were used for this sensitivity analysis. 
 
3.2.3. Slope angles 
Taking into account the relationship between earthquake-induced shear strains in the soil mass and the 
stability of soil slopes, it is possible to evaluate the performance of clay slopes under seismic loading. 
To evaluate the influence of the slope angle in the response of the submarine slopes, 4 slope angles 
were used in the simulations: 0, 5, 10 and 15 degrees. 
 
3.2.4. Dynamic response 
The computed maximum shear strain in each layer was targeted as the main outcome given the close 
relationship with slope stability. These simulations show an increase in the soil response as the shear 
wave velocity at the half-space increases, having the largest response at the middle of layer 3 in all 
simulations. In addition, contrary to SHAKE(N), the soil profile of 100m depth shows larger response 
than the 200m soil profile depth. Moreover it can be seen throughout these simulations the important 
role of the slope angle in the dynamic response of the soil profile, the larger the slope angle the larger 
the response, see Fig. 3.4. 
It should be noted, however, that the shear strains computed with AMPLE2 for a sloping soil profile 
are predominantly accumulated shear strains in the downslope direction, whereas the shear strains 
computed with SHAKE(N) are cyclic shear strains. 
The color code in the Fig.3.4 is as follows: black for slope angles equal to 0 degrees, green for 5 
degrees, yellow 10 degrees and red 15 degrees. The continuous lines correspond to soil profiles of 
200m thickness and the dot lines correspond to soil profiles of 100m thickness. 
 
 
 
Figure 3.4. Maximum earthquake induced shear strains with AMPLE2 simulations 
 
 
4. SENSITIVITY ANALYSES 
 
The presentation of the results from the simulations using the computer program SHAKE(N) was set 
up in two main configuration. The first one was the soil profile thickness as changing variable with 
different shear wave velocities at the half-space; the second one was the shear wave velocity at half-
space as changing variable for each soil profile. The maximum shear strain in the middle of layer 
number 2 at 3.75 m depth, which had the largest response in the simulations, was the main output. 
The set up for the presentation of the results with AMPLE2 was basically the same as SHAKE(N), but 
with the slope angle as an additional changing variable. The main output was the maximum shear 
strain in the middle of layer 3 at 3.125 m for the horizontal layers. 
 
4.1. Results of Sensitivity Analyses with Shake(N) 
 
4.1.1. Changing variable: soil profile thickness 
Based on the simulations, a larger response in the 200m soil profile than the 100m soil profile was 
observed. However as the value of the shear wave velocity increases the response in the 100m soil 
profile gets more intense than the 200m soil profile, see Fig. 4.1. 
 
 
 
Figure 4.1. Sensitivity analysis based on soil profile thickness with SHAKE(N) 
 
4.1.2. Changing variable: Vs at half-space 
The simulations with SHAKE(N) show an increment of the normalized shear strain J’ with respect to 
the normalized shear wave velocity Vs’, it shows that the response in the clay sediments with 100m 
thickness is more sensitive to the change in the shear wave velocities at the half-space than the 200m 
soil thickness. As an example, when the shear wave velocity increases 2 times the initial shear wave 
velocity the response in the 200m soil profile is 40% more than the initial one, and for the 100m soil 
profile there is an increment of 100%, see Fig. 4.2. 
 
 
 
Figure 4.2. Sensitivity analysis based on shear wave velocity in half-space with SHAKE(N) 
 
The normalized shear strain J’ comes from the ratio J/J1 where J1 is the induced shear strain using the 
initial velocity Vs1 at half-space in the simulations, therefore it is used as reference strain. The 
reference strain is J1= 0.83 (%) for the 100m soil profile and J1= 1.54 (%) for the 200m soil profile. 
Similarly the normalized shear wave velocity Vs’ comes from the ratio Vs/Vs1 where Vs1 is the initial 
shear wave velocity used in the half-space for the simulations. The reference velocities are Vs1 = 
300m/s for the 100m soil profile and 433m/s for the 200m soil profile. 
 
4.2. Results of Sensitivity Analyses with Ample2 
 
4.2.1. Changing variable: soil profile thickness 
Contrary to SHAKE(N) simulations, in general, a larger response for the 100m soil profile than for the 
200m soil profile was predicted by AMPLE2. One of the reasons for this relates to the change in 
control motion since the soil profiles are the same in both simulations. The spread of points indicates 
the sensitivity of the soil response with respect to the stiffness at the base. However, it is not easy to 
judge which soil profile is more sensitive to the stiffness at the base because the spread of data points 
looks similar, see Fig. 4.3. 
 
  
  
 
Figure 4.3. Sensitivity analysis based on soil profile thickness with AMPLE2 
 
4.2.2. Changing variable: Vs at half-space 
The simulations with AMPLE2 show also an increase in the normalized shear strain J’ with respect to 
the normalized shear wave velocity Vs’. However, the sensitivity of both soil profiles is very similar. 
In general the response of both soil profiles has an increment of 40 % when the shear wave velocity is 
2 times the initial one. 
It also can be seen that the lower the slope angle the larger the sensitivity in both cases. Even though 
the curves are similar for all the slope angles it can be seen that the sensitivity is slightly larger, for the 
200m than the 100m with slope angles of 0 degrees and 15 degrees, and the opposite effect is observed 
for the slope angles of 5 and 10 degrees, see Fig. 4.4.  
Again, it should be noted, that the shear strains computed with AMPLE2 for a sloping soil profile are 
predominantly accumulated shear strains in the downslope direction. 
 
 
 
Figure 4.4. Sensitivity analysis based on shear wave velocity in half-space with AMPLE2 
 
 
 
Figure 4.5. Sensitivity analysis based on slope angle with AMPLE2 
 
The normalized shear strain J* in Fig. 4.5 comes from the ratio J* = J/Jh where Jh correspond to the 
induced shear strain with horizontal soil layers, slope angle T = 0 degrees. 
 
 
5. CONCLUSIONS 
 
This paper explores the influence in the dynamic response of clay sediments with respect to the 
thickness of soil media, the stiffness at the base of the sediments and the slope angle of submarine 
slopes. To quantify the effect of this variables in the response of the sediments, 2 computer programs 
were used SHAKE(N) and AMPLE2 with the following main observations for each software: 
SHAKE(N): The 100m soil profile shows more sensitivity during the increase in stiffness at the base 
compare to the 200m soil profile, although the 200m soil profile exhibit larger shear strain values. As 
an example, when the shear wave velocity increases 100 % the initial velocity at the half-space, the 
shear strain increases 40 % for the 200m soil profile and 100 % for the 100m soil profile. 
AMPLE2: Based on the simulations with AMPLE2 the sensitivity of both soil profiles with respect to 
the stiffness at the base show to be similar, although the 100m soil profile shows larger shear strains, 
both soil profiles exhibit and increment of 40% when the shear wave velocity at the half-space 
increases 100 %. It also can be seen that the lower the slope angle the larger the sensitivity in both soil 
profiles. 
With respect to the slope angles as changing variable, in general, it can be seen the high impact that 
the slope angles have on the soil response, for example from 0 degrees to 5 degrees the maximum 
shear strain is about 4 times larger than the horizontal condition, with 10 degrees about 9 times, and 
with 15 degrees about 19 times larger than the horizontal condition. These results are not surprising 
because the shear strains computed with AMPLE2 for a sloping soil profile are predominantly 
accumulated shear strains in the downslope direction. The steeper slopes have a lower static safety 
factor and less resistance to inertial forces. Therefore they experience larger earthquake-induced shear 
strains through the mechanism described by Newmark (1965). Moreover these simulations show more 
sensitivity with 100m soil thickness with respect to the slope angle than the 200m soil thickness. 
From these simulations one may conclude that the 100m soil profile is more sensitive to the stiffness 
of the bottom and steepness of the slope than the 200m soil profile. Therefore one may infer that the 
shorter the soil thickness the more sensitive the dynamic response of the soil mass relative to the 
stiffness at the base, and also relative to the slope angle and vice versa. 
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1RPEUH\$SHOOLGR5DIDHO5RGUtJXH]2FKRD
8QLYHUVLGDGDFWXDO8QLYHUVLGDGGH2VOR
*UDGRDFDGpPLFRHQFXUVR\iUHDGHLQYHVWLJDFLyQ'RFWRUDGRHQ*HRFLHQFLDV
&RQWDFWRUDIDUR#KRWPDLOFRP

3URFHGLPLHQWRVGH9DQJXDUGLDSDUDOD(VWLPDFLyQGHO5LHVJR$VRFLDGRDOD)DOOD
GH7DOXGHV6XEPDULQRVHQ$JXDV3URIXQGDVGHELGRD6LVPRV
,QWURGXFFLyQ
8QRGH ORV SULQFLSDOHV UHWRV TXH HQIUHQWD OD LQGXVWULD SHWUROHUD SDUD OD H[WUDFFLyQ\ WUDQVSRUWH GH
KLGURFDUEXURV HQ DJXDV SURIXQGDV HVWi UHODFLRQDGR FRQ JHRDPHQD]DV ORFDOL]DGDV HQ HO WDOXG
FRQWLQHQWDO ODV FXDOHV UHSUHVHQWDQ XQ SHOLJUR SDUD ODV HVWUXFWXUDV H LQVWDODFLRQHV TXH VH HQFXHQWUDQ
VREUHHOVXHORPDULQR/DVDPHQD]DVQDWXUDOHV WDOHVFRPRVLVPRV IDOODV WHFWyQLFDV IDOODVGH WDOXGHV
H[SXOVLyQGHJDVYROFDQHVVXEPDULQRVGLDSLULVPRKLGUDWRVGHJDVHWFUHSUHVHQWDQXQSHOLJURODWHQWH
SDUDHOGHVDUUROORGHFXDOTXLHU\DFLPLHQWRSHWUROHURHQDJXDVSURIXQGDV
/DLQYHVWLJDFLyQTXHVHGHVDUUROODHQHOSUHVHQWHSURJUDPDGHGRFWRUDGRFRQVLGHUDHOHVWXGLRGHOD
IDOODGHWDOXGHVVXEPDULQRVODFXDOUHSUHVHQWDODSULQFLSDOJHRDPHQD]DTXHDIHFWDDODVLQVWDODFLRQHV
VXEPDULQDV+DQFH(QHVSHFLDOVHLQYHVWLJDODIDOODGHWDOXGHVVXEPDULQRVHQPiUJHQHVDFWLYRVFRPR
HVHOFDVRGHOD]RQDVXUGHO*ROIRGH0p[LFR(QJHQHUDOVHHVWXGLDDQDOL]D\SURSRQHPHMRUDVHQORV
SURFHGLPLHQWRV \ PHWRGRORJtDV DFWXDOHV SDUD HVWLPDU HO ULHVJR DVRFLDGR D OD IDOOD GH WDOXGHV
VXEPDULQRV/DLQYHVWLJDFLyQFRPSUHQGHORVVLJXLHQWHVHMHVWHPiWLFRV
$QiOLVLV'HWHUPLQtVWLFRV0HGLDQWHHOXVRGHOPpWRGRGHHTXLOLEULROtPLWH\HOPpWRGRGHHOHPHQWR
ILQLWR VH UHDOL]DQ DQiOLVLV HVWiWLFRV\GLQiPLFRVSDUDGHWHUPLQDU OD HVWDELOLGDGGH WDOXGHV VXEPDULQRV
DQWHV GXUDQWH \ GHVSXpVGHXQ HYHQWR VtVPLFR/RVPpWRGRV VRQDOLPHQWDGRV HQ WRGRPRPHQWR FRQ
LQIRUPDFLyQJHROyJLFDJHRItVLFDJHRWpFQLFD\VtVPLFDGHOOXJDUHQHVWXGLR
$QiOLVLV3UREDELOtVWLFRV0HGLDQWHHOXVRGHOPpWRGRGH0RQWH&DUOR)250\PpWRGR%D\HVLDQR
HQFRPELQDFLyQFRQVLPXODFLRQHVGHUHVSXHVWDGHVLWLRVHHVWLPDODSUREDELOLGDGFRQGLFLRQDOGHIDOODGH
WDOXG SDUD GLIHUHQWHV SHULRGRV GH UHWRUQR GH ORV VLVPRV /R DQWHULRU SHUPLWH REWHQHU OD FXUYD GH
IUDJLOLGDG SDUD OD IDOOD GH WDOXGHV \ VH XWLOL]D FRQ OD GHULYDGD GH OD FXUYD GH DPHQD]D VtVPLFD SDUD
GHWHUPLQDU ODSUREDELOLGDGLQFRQGLFLRQDODQXDOGHIDOODGHO WDOXGFRQEDVHHQHORSHUDGRUPDWHPiWLFR
HVSHUDQ]DPDWHPiWLFDTXHGHWHUPLQDHOSURPHGLRSHVDGRGHODSUREDELOLGDGDQXDOGHIDOOD
Ϯ

8QD YH] TXH HO WDOXG VXEPDULQR KD IDOODGR SRGUtD HYROXFLRQDU HQ XQ PRYLPLHQWR PDVLYR GH
VHGLPHQWRV WDOXG D EDMR /D LQYHVWLJDFLyQ WDPELpQ FRPSUHQGH HO SURFHVR GH WUDQVSRUWH GH ORV
VHGLPHQWRV SRU JUDYHGDG DQDOL]DQGR \ DSOLFDQGRPRGHORVPDWHPiWLFRV GLVSRQLEOHV SDUD HVWLPDU ODV
GLVWDQFLDVGHUHFRUULGR\ ODVYHORFLGDGHVTXHVHSRGUtDQGHVDUUROODUDO IUHQWHGHOPDWHULDOGHVSOD]DGR
/R DQWHULRU SHUPLWH GHWHUPLQDU GHPDQHUD UD]RQDEOH OD SUREDELOLGDG GH LPSDFWDU LQVWDODFLRQHV WDOXG
DEDMR DVt FRPR OD HVWLPDFLyQ GHO ULHVJR DVRFLDGR D OD IDOOD GH WDOXGHV VXEPDULQRV XQD YH] TXH VH
REWLHQHQODVFXUYDVGHYXOQHUDELOLGDGGHODVHVWUXFWXUDVDIHFWDGDV
0pWRGRVSDUDDQDOL]DUODHVWDELOLGDGGHWDOXGHVVXEPDULQRVDQWHFDUJDVtVPLFD
$ FRQWLQXDFLyQ VH SUHVHQWDQ ORV SURFHGLPLHQWRV XWLOL]DGRV HQ HVWD LQYHVWLJDFLyQ SDUD HVWLPDU OD
HVWDELOLGDGGHWDOXGHVVXEPDULQRVHQPiUJHQHVDFWLYRV
D $QWHVGHO6LVPR
$QWHVGHOVLVPRVHUHDOL]DXQDQiOLVLVGHHVWDELOLGDGXWLOL]DQGRHO0pWRGRGH(TXLOLEULR/tPLWH\R
0pWRGRGH(OHPHQWR)LQLWR8QIDFWRUFODYHHQODHVWDELOLGDGGHWDOXGHVVXEPDULQRVHQDJXDVSURIXQGDV
HV OD GHWHUPLQDFLyQ GH OD UHVLVWHQFLD GHO VXHORPDULQR HQ HVWH FDVR DUFLOOD /D UHVLVWHQFLD GHO VXHOR
PDULQRVHVLPEROL]DXWLOL]DQGRHOSDUiPHWURVX\UHSUHVHQWDODUHVLVWHQFLDHVWiWLFDDOFRUWHVLQGUHQDMHGH
ODVDUFLOODVVXGHWHUPLQDFLyQLPSOLFDWDQWRSUXHEDVHQFDPSRFRPRSUXHEDVGHODERUDWRULR
E 'XUDQWHHO6LVPR
(O DQiOLVLV GH HVWDELOLGDG GXUDQWH HO VLVPR VH UHDOL]D VLJXLHQGR HO SURFHGLPLHQWR GHVDUUROODGR SRU
LQYHVWLJDGRUHV GHO ,QVWLWXWR *HRWpFQLFR 1RUXHJR (O SURFHGLPLHQWR FRQVLVWH HQ GHWHUPLQDU OD
GHJUDGDFLyQ GH OD UHVLVWHQFLD GHO VXHOR SRU VLVPR FRQ EDVH HQ ODV GHIRUPDFLRQHV LQGXFLGDV
QXPpULFDPHQWHHVWLPDGDVDVtFRPRSUXHEDVGHODERUDWRULR
&RQHVWHSURFHGLPLHQWRVHGHWHUPLQDODUHGXFFLyQGHODUHVLVWHQFLDGHODVDUFLOODVDOILQDOGHOVLVPR
REWHQLHQGR OD UHVLVWHQFLD FtFOLFD GH ODV DUFLOODV VXF\ 8QD YH] REWHQLGD OD UHVLVWHQFLD FtFOLFD GH ODV
DUFLOODVVXF\HQ ORVHVWUDWRVGHDUFLOODTXHGHVDUUROODURQVLJQLILFDQWHGHIRUPDFLyQGLFKD UHVLVWHQFLDVH
XWLOL]DFRPRGDWRGHHQWUDGDSDUDGHWHUPLQDUHOIDFWRUGHVHJXULGDGFRVtVPLFRXWLOL]DQGRHOPpWRGRGH
HTXLOLEULROtPLWH
F 'HVSXpVGHO6LVPR
ϯ

8QD YH] TXH OD DFFLyQ GHO VLVPR KD SDVDGR HV SRVLEOH TXH DOJXQRV WDOXGHV KD\DQ GHVDUUROODGR
GHIRUPDFLRQHVLPSRUWDQWHVTXHORVKDFHQHQWUDUHQXQDFRQGLFLyQGHIOXHQFLD³FUHHS´HVGHFLUODPDVD
GH VXHOR VH VLJXHGHIRUPDQGR DQWH FRQGLFLRQHVGH FDUJD FRQVWDQWH(Q ODV DUFLOODV pVWH IHQyPHQR VH
FRQRFH FRPR IOXHQFLD VLQ GUHQDMH \ SHUGXUD WRGR HO WLHPSR TXH WDUGD HQ GLVLSDUVH HO H[FHVR GH OD
SUHVLyQGHSRURLQGXFLGDSRUHOVLVPR'DGDODSHTXHxDSHUPHDELOLGDGTXHWLHQHQODVDUFLOODVHQDJXDV
SURIXQGDVHOSURFHVRGHGLVLSDFLyQGHOH[FHVRGHODSUHVLyQGHSRURSRGUtDWDUGDUPHVHVRLQFOXVRDxRV
DO LJXDO TXH HO SURFHVR GH IOXHQFLD /R DQWHULRU SRGUtD JHQHUDU TXH ORV WDOXGHV IDOOHQPHVHV R DxRV
GHVSXpVGHKDEHURFXUULGRHOVLVPR
(OGHVDUUROORGHIOXHQFLDGHVSXpVGHOVLVPRLPSOLFDXQDUHGXFFLyQDGLFLRQDOGHODUHVLVWHQFLDDOFRUWH
GH ODV DUFLOODV 3DUD HVWDEOHFHU OD UHVLVWHQFLD HVWiWLFD GH ODV DUFLOODV GHVSXpV GHO VLVPR VLPEROL]DGD
FRPRVXSRVW$QGHUVHQHWDOUHFRPLHQGDLQFOXLUXQDUHGXFFLyQDGLFLRQDOGHODOYDORUREWHQLGRGHOD
UHVLVWHQFLDFtFOLFDVXF\HVGHFLUVXSRVW VXF\
8QD YH] REWHQLGD OD UHVLVWHQFLD HVWiWLFD GHVSXpV GHO VLVPR VXSRVW GLFKR YDORU VH XWLOL]D SDUD
GHWHUPLQDUHOIDFWRUGHVHJXULGDGSRVWVtVPLFRXWLOL]DQGRHOPpWRGRGHHTXLOLEULROtPLWH
/D)LJXUDPXHVWUD ODHYROXFLyQGHOIDFWRUGHVHJXULGDGGHXQWDOXGVXEPDULQRVRPHWLGRDFDUJD
VtVPLFDHQDJXDVSURIXQGDVDORODUJRGHOWLHPSR

)LJXUD  &XUYD GH HYROXFLyQ GHO IDFWRU GH VHJXULGDG /D FXUYD PXHVWUD OD FXDQWLILFDFLyQ GH ORV
GLIHUHQWHVHVWDGRVGHHVWDELOLGDGGHO WDOXG VXEPDULQRD WUDYpVGH ODVGLIHUHQWHV IDVHV VtVPLFDV$QWHV
SUHVtVPLFRGXUDQWHFRVtVPLFR\GHVSXpVSRVWVtVPLFR

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
0pWRGRVSDUDDQDOL]DUODDPHQD]DGHIDOODGHWDOXGHVVXEPDULQRVSRUVLVPR
(OREMHWLYRSULQFLSDOGH ORVDQiOLVLVGHDPHQD]DGHIDOODGH WDOXGSRUVLVPRHV ODHVWLPDFLyQGH OD
SUREDELOLGDGLQFRQGLFLRQDODQXDOGHIDOODGHOWDOXGSRUFDUJDVtVPLFD8QRGHORVSRFRVSURFHGLPLHQWRV
GLVSRQLEOHVSDUDHVWLPDUODDPHQD]DGHIDOODGHWDOXGGHELGRDXQHYHQWRVtVPLFRHVHOGHVDUUROODGRSRU
1DGLP HW DO \ UHJHQHUDGR SRU 5RGUtJXH]2FKRD HW DO HQ UHYLVLyQ (O SURFHGLPLHQWR WLHQH XQD
SODWDIRUPDSUREDELOtVWLFDFRQVWDGHSDVRVOyJLFRV\XWLOL]DYDULRVPpWRGRVPDWHPiWLFRVLQFOX\HQGR
0RQWHFDUORLQIHUHQFLD%D\HVLDQD\)LUVW2UGHU5HOLDELOLW\0HWKRG)250+DVRIHUDQG/LQG
/DILORVRItDGHOSURFHGLPLHQWRFRQVLVWHHQHVWLPDU ODSUREDELOLGDG LQFRQGLFLRQDODQXDOGHIDOODGHO
WDOXGFRQEDVHHQFXUYDVGHIUDJLOLGDGFRPRODVPRVWUDGDVHQOD)LJXUD/DVFXUYDVGHIUDJLOLGDGGH
IDOODGHWDOXGVHREWLHQHQGHVSXpVGHUHDOL]DUDQiOLVLVGLQiPLFRVSDUDYDULRVSHULRGRVGHUHWRUQRVGHORV
VLVPRV

)LJXUD  &XUYDV GH IUDJLOLGDG GH IDOOD GH WDOXG VXEPDULQR REWHQLGDV GHVSXpV GH DMXVWDU IXQFLRQHV
SUREDELOtVWLFDVORJQRUPDOHVDODVSUREDELOLGDGHVFRQGLFLRQDOHVHVWLPDGDVSDUDVLVPRVFRQSHULRGRVGH
UHWRUQRGH\DxRVORVSXQWRVFHUUDGRVFRUUHVSRQGHQDODVSUREDELOLGDGHV
FRQGLFLRQDOHV GXUDQWH HO VLVPR \ ORV SXQWRV DELHUWRV D ODV SUREDELOLGDGHV FRQGLFLRQDOHV GHVSXpV GHO
VLVPR/DFXUYDDPDULOODFRUUHVSRQGHDODFXUYDGHIUDJLOLGDGGXUDQWHHOVLVPR\ODFXUYDURMDDODFXUYD
GHIUDJLOLGDGGHVSXpVGHOVLVPR
8QD YH] TXH VH GHWHUPLQDQ ODV FXUYDV GH IUDJLOLGDG VH DSOLFD HO RSHUDGRU GHQRPLQDGR HVSHUDQ]D
PDWHPiWLFD /D HVSHUDQ]D PDWHPiWLFD R YDORU HVSHUDGR GH XQD YDULDEOH DOHDWRULD HV OD VXPD GHO
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Y^ůŽƉĞ&ĂŝůƵƌĞ;ƉŽƐƚͲƐĞŝƐŵŝĐͿ
&WсϬ͘ϬϵĨŽƌdсϭŬǇĞĂƌƐ
&WсϬ͘ϮϯĨŽƌdсϱŬǇĞĂƌƐ
&WсϬ͘ϯϮĨŽƌdсϭϬŬǇĞĂƌƐ
&WсϬ͘ϱϯĨŽƌdсϭϬϬŬǇĞĂƌƐ
Y^ůŽƉĞ&ĂŝůƵƌĞ;ĐŽͲƐĞŝƐŵŝĐͿ
&WсϬ͘ϬϬϵĨŽƌdсϭŬǇĞĂƌƐ
&WсϬ͘ϭϭĨŽƌdсϱŬǇĞĂƌƐ
&WсϬ͘ϮϮĨŽƌdсϭϬŬǇĞĂƌƐ
&WсϬ͘ϰϴĨŽƌdсϭϬϬŬǇĞĂƌƐ
ϱ

SURGXFWR GH OD SUREDELOLGDG GH FDGD VXFHVR SRU HO YDORU GH GLFKR VXFHVR HQ HVWH FDVR OD YDULDEOH
DOHDWRULDHVODSUREDELOLGDGDQXDOGHIDOOD$)3
/D IRUPXODFLyQPDWHPiWLFD GH OD SURSXHVWD SDUD GHWHUPLQDU OD SUREDELOLGDG LQFRQGLFLRQDO GH OD
IDOODDQXDOSRUVLVPRVHSUHVHQWDHQODHFXDFLyQ
ܷܣܨܲ ൌ ݂ሺܵ݁݅ݏ݉݅ܿܪܽݖܽݎ݀ܨݑ݊ܿݐ݅݋݊ǡ ܨݎ݈ܽ݃݅݅ݐݕ݈ܵ݋݌݁ܨ݈ܽ݅ݑݎ݁ܨݑ݊ܿݐ݅݋݊ሻс
ܷܣܨܲ ൌ ܧሾܣܨܲሿ ൌ ׬ ௑݂ሺݔሻ ή ܣܨܲ௙ȁ௫f଴ ή ݀ܺ     (1)
GRQGH
8$)3 8QFRQGLWLRQDO$QQXDO)DLOXUH3UREDELOLW\
AFP $QQXDO)DLOXUH3UREDELOLW\UDQGRPYDULDEOH
(>$)3@ ([SHFWHGYDOXHRI$QQXDO)DLOXUH3UREDELOLW\ZHLJKWHGDYHUDJH
IXx 3UREDELOLW\GHQVLW\IXQFWLRQILWWLQJWKHVHLVPLFKD]DUGFXUYH
$)3I_x 6ORSH)DLOXUH)UDJLOLW\IXQFWLRQQRUPDOL]HGZLWKUHVSHFWWRUHWXUQSHULRG7
X  5DQGRPYDULDEOHUHSUHVHQWLQJWKHSHDNJURXQGDFFHOHUDWLRQ3*$LQWKHEHGURFN
x 9DOXHVWKDWWDNHWKHUDQGRPYDULDEOHX
/D )LJXUD  PXHVWUD XQ HMHPSOR GH ORV UHVXOWDGRV REWHQLGRV HQ XQ VLWLR HQ HO *ROIR GH0p[LFR
GHVSXpVGHDSOLFDUODPHWRGRORJtDSURSXHVWDSDUDHVWLPDUODSUREDELOLGDGLQFRQGLFLRQDODQXDOGHIDOOD
GHOWDOXGSRUVLVPR/DFXUYDD]XOUHSUHVHQWDODSUREDELOLGDGGHTXHRFXUUDXQVLVPRGHPDJQLWXGJTXH
LQGX]FDXQDSUREDELOLGDGFRQGLFLRQDOGHIDOODGDGDSUREDELOLGDGGHOVXFHVRODFXUYDYHUGHUHSUHVHQWD
HO YDORU GH GLFKD SUREDELOLGDG FRQGLFLRQDO GH IDOOD \ OD FXUYD DPDULOOD UHSUHVHQWD OD SUREDELOLGDG
FRQGLFLRQDO DQXDO R SUREDELOLGDG FRQGLFLRQDO QRUPDOL]DGD FRQ UHVSHFWR DO SHULRGR GH UHWRUQR 7 GHO
VLVPRYDORUGHOVXFHVR/DFXUYDURMDHVHOSURGXFWRGHODIXQFLyQGHSUREDELOLGDGGHOVXFHVRFXUYD
D]XO SRU OD IXQFLyQ GHO YDORU GHO VXFHVR FXUYD DPDULOOD \ OD FXUYD QHJUD HV OD VXPDWRULD GH ORV
SURGXFWRV (Q HO HMHPSOR TXH VH PXHVWUD HQ OD )LJXUD  OD VXPDWRULD VH UHDOL]y GH  D J SRU
FRQVLGHUDUVHHOUDQJRGHDFHOHUDFLRQHVTXHPiVDSRUWDQDODSUREDELOLGDGGHIDOODDQXDOLQFRQGLFLRQDO
(QHOSUHVHQWHDQiOLVLVODSUREDELOLGDGDQXDOGHIDOODVHHVWLPyHQ(GXUDQWHHOHYHQWRVtVPLFR\
(GHVSXpVGHOVLVPRFRQVLGHUDQGRHOHIHFWRGHIOXHQFLDVLQGUHQDMHHQODVDUFLOODVTXHIRUPDQHO
WDOXGVXEPDULQR
/DIRUPXODFLyQPDWHPiWLFDVHSUHVHQWDHQODYHUVLyQRULJLQDOGHVDUUROODGDHQLQJOHV

ϲ


)LJXUD  5HSUHVHQWDFLyQ JUDILFD GH OD VXPDWRULD GH IXQFLRQHV SDUD HVWLPDU OD SUREDELOLGDG GH IDOOD
DQXDOLQFRQGLFLRQDOGXUDQWHHOVLVPROtQHDVSXQWHDGDV\GHVSXpVGHOVLVPROtQHDVFRQWLQXDVFRQEDVH
HQFXUYDVGHIUDJLOLGDG\HORSHUDGRUHVSHUDQ]DPDWHPiWLFD
0pWRGRVSDUDDQDOL]DUODDPHQD]DGHLPSDFWRDLQVWDODFLRQHVVXEPDULQDV
8QD YH] TXH VH HVWLPD OD SUREDELOLGDG DQXDO GH IDOOD GH WDOXG SRU VLVPR HO VLJXLHQWH SDVR HV
GHWHUPLQDUODSUREDELOLGDGGHVHULPSDFWDGDVODVLQVWDODFLRQHVVXEPDULQDVSRUORVVHGLPHQWRVPDULQRV
WUDQVSRUWDGRVWDOXGDEDMR/DIRUPXODFLyQSUREDELOtVWLFDVHHVSHFLILFDHQODHFXDFLyQ
P[Impacto de sedimentos transportados a instalaciones submarinas] P[Falla de talud por sismo] ×
P[Impactar instalaciones submarinas I Talud falló por sismo]     (2)
/D)LJXUDPXHVWUDODUHSUHVHQWDFLyQHVTXHPiWLFDPHQWHGHODHFXDFLyQ
/D SUREDELOLGDG LQFRQGLFLRQDO DQXDO GH IDOOD GH WDOXG SRU VLVPR VH HVWLPy HQ OD VHFFLyQ  OD
SUREDELOLGDGFRQGLFLRQDOPRVWUDGDHQODHFXDFLyQVHGHWHUPLQDUHDOL]DQGRXQDQiOLVLVSUREDELOtVWLFR
SDUDHVWLPDUODVGLVWDQFLDV\YHORFLGDGHVTXHSRGUtDQUHFRUUHUORVVHGLPHQWRVGHVSOD]DGRV
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

/DHVWLPDFLyQGHODVGLVWDQFLDVGHUHFRUULGR\ODVYHORFLGDGHVTXHSRGUtDQGHVDUUROODUORVVHGLPHQWRV
HQPRYLPLHQWRVHGHWHUPLQDQXWLOL]DQGRXQPRGHORDQDOtWLFRTXHVLPXODORVVHGLPHQWRVWUDQVSRUWDGRV
FRPRVLIXHUDXQIOXLGRYLVFRVRGHVSOD]iQGRVHSRUJUDYHGDGWDOXGDEDMR8QSURJUDPDGHFRPSXWDGRUD
GHULYDGR GH HVD VLPSOLILFDFLyQ \ DPSOLDPHQWH XWLOL]DGR VH GHQRPLQD %,1* ³GHEULV IORZ PRGHO´
,PUDQ+DUIIDQG3DUNHUHQODDFWXDOLGDGH[LVWHQYDULDVYHUVLRQHVGHOPLVPR%,1*HVWLPDWDQWRODV
GLVWDQFLDVGHUHFRUULGRFRPRODVYHORFLGDGHVDOIUHQWHGHODPDVDGHOVXHORHQPRYLPLHQWR
8QDYH] UHDOL]DGDV ODV VLPXODFLRQHVHQ%,1*XWLOL]DQGRFRPELQDFLRQHVGHULYDGDVGHOPpWRGRGH
0RQWH&DUORVHREWLHQHQIXQFLRQHVGHSUREDELOLGDGTXHVHDMXVWDQDORVUHVXOWDGRVGHODVGLVWDQFLDV\
YHORFLGDGHV HVWLPDGRV HQ ODV VLPXODFLRQHV DQDOtWLFDV /D SUREDELOLGDG FRQGLFLRQDO GH LPSDFWR VH
GHWHUPLQDHQEDVHDGLFKDIXQFLyQSUREDELOtVWLFD\VXYDORUFRUUHVSRQGHDODSUREDELOLGDGGHTXHORV
VHGLPHQWRV VH GHVSODFHQ XQD GLVWDQFLD PD\RU D OD GLVWDQFLD GRQGH VH HQFXHQWUDQ ODV HVWUXFWXUDV
VXEPDULQDV
0pWRGRVSDUDDQDOL]DUHOULHVJRSRUIDOODGHWDOXGHVVXEPDULQRVGHELGRDVLVPRV
(OULHVJRVHGHILQHFRPRHOSURGXFWRGHODJHRDPHQD]DSUREDELOLGDGGHIDOODPXOWLSOLFDGRSRUODV
FRQVHFXHQFLDVHFXDFLyQ<ODVFRQVHFXHQFLDVVHFXDQWLILFDQFRPRHOQ~PHURGHHOHPHQWRVHQULHVJR
PXOWLSOLFDGRSRUVXYXOQHUDELOLGDGHFXDFLyQ
Riesgo= Geo-amenaza × Consecuencias    (3)
Consecuencias = Elementos en Riesgo × Vulnerabilidad    (4) 
3DUD HVWLPDU HO ULHVJR LQGXFLGR SRU IDOOD GH WDOXGHV VXEPDULQRV GHELGR D VLVPRV OD JHRDPHQD]D
SUREDELOLGDGGHIDOODTXHVHUHTXLHUHHQODHFXDFLyQFRUUHVSRQGHDODSUREDELOLGDGDQXDOGHLPSDFWR
GHLQVWDODFLRQHVVXEPDULQDVSRUWUDQVSRUWHGHVHGLPHQWRVSUHVHQWDGDHQODVHFFLyQ
)LJXUD  5HSUHVHQWDFLyQ
HVTXHPiWLFD GH OD SUREDELOLGDG
GH LPSDFWR GH VHGLPHQWRV
PDULQRV VREUH LQVWDODFLRQHV
ORFDOL]DGDVWDOXGDEDMRGDGRTXH
HO WDOXG VXEPDULQR IDOOy SRU
VLVPR1DGLPHWDO
ϴ

5HIHUHQWHDODVFRQVHFXHQFLDVGHULYDGDVGHODIDOODGHOWDOXGVHFRQVLGHUDQGRVJUDQGHVJUXSRVODV
FRQVHFXHQFLDV GLUHFWDV \ ODV FRQVHFXHQFLDV LQGLUHFWDV ([LVWHQ PpWRGRV \ UHFRPHQGDFLRQHV SDUD
FXDQWLILFDUODVFRQVHFXHQFLDVGLUHFWDVVLQHPEDUJRODFXDQWLILFDFLyQGHODVFRQVHFXHQFLDVLQGLUHFWDVQR
HVWULYLDOGDGRVXQDWXUDOH]DFXDOLWDWLYD/DVFRQVHFXHQFLDVGLUHFWDVHVWiQUHODFLRQDGDVEiVLFDPHQWHFRQ
ODSpUGLGDGHYLGDVKXPDQDV\SpUGLGDVHFRQyPLFDV
/DV FRQVHFXHQFLDV GLUHFWDV VH HVWLPDQ XWLOL]DQGR ODV FXUYDV GH YXOQHUDELOLGDG SDUD ORV HTXLSRV
VXEPDULQRVH LQVWDODFLRQHVTXHSXGLHUDQ UHVXOWDUGDxDGRVSRUHO LPSDFWRGH ORV VHGLPHQWRVPDULQRV
$OJXQRV HMHPSORV GH HTXLSRV H LQVWDODFLRQHV VRQ ODV WXEHUtDV SDUD HO WUDVSRUWH GHO KLGURFDUEXUR
XELFDGDVVREUHHO OHFKRPDULQRDVtFRPRORVHTXLSRVGHH[WUDFFLyQ³&KULVWPDV WUHHV´\³0DQLIROGV´
HQWUH RWURV /D)LJXUD PXHVWUD ORV HTXLSRV TXH SRGUtDQ HVWDU H[SXHVWRV HQ XQ GHVDUUROOR SHWUROHUR
ORFDOL]DGRHQDJXDVSURIXQGDV

)LJXUD  (TXLSRV TXH SRGUtDQ HVWDU H[SXHVWRV \ WRPDGRV HQ FXHQWD HQ OD HVWLPDFLyQ GH ODV
FRQVHFXHQFLDVGLUHFWDV
/DVFXUYDVGHYXOQHUDELOLGDGUHOHYDQWHVSDUDHVWRVHTXLSRVHLQVWDODFLRQHVVRQODVTXHFXDQWLILFDQHO
GDxR D OD LQIUDHVWUXFWXUD HQ IXQFLyQ GH OD YHORFLGDG \R SUHVLyQ GH LPSDFWR GHO VXHOR PDULQR
WUDQVSRUWDGR/RVYDORUHVGHODVFXUYDVGHYXOQHUDELOLGDGYDQGHFHURDXQRFHURLQGLFDTXHQRH[LVWH
GDxR\XQRVLJQLILFDGDxRWRWDO
)LQDOPHQWH OD FXDQWLILFDFLyQ GHO ULHVJR GLUHFWRGHELGR D OD IDOOD GH XQ WDOXG VXEPDULQR SRU FDUJD
VtVPLFDVHREWLHQHDOPXOWLSOLFDUODSUREDELOLGDGDQXDOGHLPSDFWRSRUODVFRQVHFXHQFLDVGLUHFWDV
ϵ

'LVFXVLyQ\&RQFOXVLRQHV
/RVGLIHUHQWHVPpWRGRVSUHVHQWDGRVSDUDHVWLPDUHOULHVJRDVRFLDGRDODIDOODGHWDOXGHVVXEPDULQRV
GHELGR D VLVPRV HVWiQ FRQWLQXDPHQWHPHMRUiQGRVH JUDFLDV D OD DSRUWDFLyQ GH JHRFLHQWtILFRV \ JHR
LQJHQLHURV TXH HVWiQ LQYROXFUDGRV FRQ HO WHPD /RV PpWRGRV \ SURFHGLPLHQWRV SUHVHQWDGRV HQ pVWH
DUWtFXORVHFRQVLGHUDQDODIHFKDGHYDQJXDUGLD\VHPXHVWUDQGHPDQHUDVLPSOLILFDGDHQOD)LJXUD


)LJXUD3URFHGLPLHQWRV\PRGHORVQXPpULFRVHPSOHDGRVHQ ODV WUHVSULQFLSDOHVHWDSDVGHODQiOLVLV
SDUDODHVWLPDFLyQGHOULHVJRDVRFLDGRDODIDOODGHWDOXGHVVXEPDULQRVSRUVLVPR
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$EVWUDFW7KLVSDSHUSUHVHQWV DQRIIVKRUH ULVNDQDO\VLV LQ D V\VWHPDWLFPDQQHU WR DVVHVV WKH LQIOXHQFHRI HDUWKTXDNHLQGXFHG
VXEPDULQHVORSHIDLOXUHRQRIIVKRUHVWUXFWXUHV7KHULVNDQDO\VLVLVFDUULHGRXWIRUWKHIXWXUHGHYHORSPHQWRIDQDWXUDOJDVILHOGLQ
GHHSZDWHUVLQWKHVRXWKSDUWRIWKH*XOIRI0H[LFR7KHVWXG\DFFRXQWVIRUDOOWKHHOHPHQWVLQWKHFRQYHQWLRQDOULVNIRUPXODWLRQ
Risk HazarduConsequences7KHKD]DUGDQDO\VLVZDVSHUIRUPHGLQWZRVWHSVILUVWHVWLPDWLQJWKHSUREDELOLW\RIHDUWKTXDNH
LQGXFHG VORSH IDLOXUH E\ XVLQJ WKH VORSH IDLOXUH IUDJLOLW\ FXUYH DSSURDFK DQG VHFRQG HVWLPDWLQJ WKH SUREDELOLW\ RI IDLOHG
VHGLPHQWVLPSDFWLQJRIIVKRUHVWUXFWXUHVE\UXQQLQJGHEULVIORZQXPHULFDOVLPXODWLRQVLQD0RQWH&DUORPHWKRGIUDPHZRUN7KH
FRQVHTXHQFHVZHUHHVWLPDWHGIRFXVHGVROHO\RQWKHGDPDJHWRRIIVKRUHVWUXFWXUHVLQPRQHWDU\WHUPVDQGWKHGHYHORSPHQWRI
YXOQHUDELOLW\ FXUYHV DV IXQFWLRQ RI WKH YHORFLW\ DQG WKH WKLFNQHVV RI WKHPRYLQJPXG IORZ WKDW PD\ HYROYH IURP WKH IDLOHG
VHGLPHQWV
.H\ZRUGVRIIVKRUHJHRKD]DUGVHDUWKTXDNHVVXEPDULQHODQGVOLGHVULVNDQDO\VLV
,QWURGXFWLRQ
7KH IDLOXUH RI VXEPDULQH VORSHV RQ WKH
FRQWLQHQWDOVKHOIDQGRUFRQWLQHQWDOVORSHSRVHVD
ULVN WR RIIVKRUH VWUXFWXUHV DQG IDFLOLWLHV IURP
GLYHUVH HFRQRPLF VHFWRUV 7KH RLO DQG JDV
LQGXVWU\ LV HVSHFLDOO\ FRQFHUQHG DERXW WKLV
QDWXUDOSKHQRPHQRQGXHWRLWVLQFUHDVLQJLQWHUHVW
LQGHYHORSLQJJDV DQG RLO ILHOGV LQGHHSZDWHUV
ZKLFK LQYROYHV WKH GHSOR\PHQW RI VHDEHG
LQVWDOODWLRQV DQG HTXLSPHQW RQ WKH FRQWLQHQWDO
VORSH
7KLV SDSHU SUHVHQWV DQ DVVHVVPHQW ULVN
DQDO\VLV RI HDUWKTXDNHLQGXFHG VXEPDULQH VORSH
IDLOXUHIRUDIXWXUHJDVILHOGGHYHORSPHQWLQGHHS
ZDWHUV LQ WKH VRXWK SDUW RI WKH*XOI RI0H[LFR
7KH ULVN DQDO\VLV LV DSSURDFKHG LQ D V\VWHPDWLF
PDQQHUILUVWDFFRXQWLQJIRUWKHKD]DUGE\XVLQJ
WKH VORSH IDLOXUH IUDJLOLW\ FXUYH DSSURDFK
GHYHORSHG E\ 5RGUtJXH]2FKRD HW DO E
DQGWKHQGHEULVIORZQXPHULFDOVLPXODWLRQVXVLQJ
WKH%,1*FRGH,PUDQDLQD0RQWH&DUOR
IUDPHZRUN 7KH FRQVHTXHQFHV ZHUH TXDQWLILHG
E\LGHQWLI\LQJWKHHOHPHQWVDWULVNDQGDVVHVVLQJ
WKHLUYXOQHUDELOLW\FXUYHV
7KH DQDO\VLV IRFXVHG RQ WKH GLUHFW
FRQVHTXHQFHV UHODWHG WR WKH GDPDJH RI RIIVKRUH
VWUXFWXUHV
6LWH&KDUDFWHUL]DWLRQ
7KHVXEPDULQHVORSHXQGHUVWXG\LVORFDWHGLQWKH
VRXWK RI WKH *XOI RI 0H[LFR LQ WKH WUDQVLWLRQ
]RQH RI WKH FRQWLQHQWDO VKHOI WR WKH FRQWLQHQWDO
VORSHZLWKZDWHUGHSWKRI DERXWP )LJXUH

7KLV VORSH LV RQH RI WKH QLQH SRWHQWLDO
XQVWDEOHVORSHVLGHQWLILHGE\)XJURGXULQJ
WKH JHRSK\VLFDO H[SORUDWLRQV 7KH ODUJHVW VORSH
DQJOHRIDOOWKHQLQHLGHQWLILHGVORSHVLVDERXW
GHJUHHV7KLVVXEPDULQHVORSHZDVPRGHOOHGDVD
FRPSRVLWH VORSH WKH ILUVW SDUW KDV  GHJUHHV
ZLWK P KRUL]RQWDO GLVWDQFH DQG WKH VHFRQG
SDUWKDVGHJUHHVZLWKPKRUL]RQWDOGLVWDQFH
7KHVHGLPHQWVDUHFRKHVLYHFDOFDUHRXVVRLOV
ZLWK FDUERQDWH FRQWHQW EHWZHHQ  WR  DQG
DUHFODVVLILHGDVKLJKSODVWLFLW\FOD\V
/DERUDWRU\VRLOVHQVLWLYLW\YDULHVIURPWR
GRZQ WR P GHSWK DQG IURP  WR  EHQHDWK
P 7KH HVWLPDWHG RYHUFRQVROLGDWLRQ UDWLRV
2&5 LQGLFDWH WKDW WKH VHGLPHQWV DUH QRUPDOO\
FRQVROLGDWHGWRVOLJKWO\RYHUFRQVROLGDWHG
7KH VHLVPLFLW\ RI WKH UHJLRQ LV RI FRQFHUQ
7KHVLWHLVLQIOXHQFHGE\WKHVXEGXFWLRQ]RQHLQ
WKH 3DFLILF FRDVW QHDUE\ YROFDQRV DQG WKH
WUDQVIRUP ]RQH LQ WKH&DULEEHDQ6HD7KHPDLQ
ULVN SRVHG WR WKH PDULQH HQYLURQPHQW DQG WKH
SODQQHG QDWXUDO JDV SURGXFWLRQ IDFLOLWLHV RQ WKH
VHDEHG LV FRQVLGHUHG WR EH GXH WR VXEPDULQH
ODQGVOLGHV WULJJHU E\ HDUWKTXDNHV )RU IXUWKHU
LQIRUPDWLRQVHH5RGUtJXH]2FKRDHWDOF


)LJXUH/RFDWLRQRIWKHVXEPDULQHVORSHXQGHUVWXG\
6ORSH)DLOXUH+D]DUG$QDO\VLV
7KH PDLQ REMHFWLYH RI WKH HDUWKTXDNHLQGXFHG
VORSH IDLOXUH KD]DUG DQDO\VLV LV WR HVWLPDWH WKH
DQQXDO SUREDELOLW\ RI VORSH IDLOXUH 2QH RI WKH
IHZ PHWKRGV DYDLODEOH WR HVWLPDWH WKH VORSH
IDLOXUH KD]DUG GXH WR D VHLVPLF HYHQW ZDV
GHYHORSHG E\ 1DGLP  DQG UHILQHG E\
5RGUtJXH]2FKRD HW DO E 7KH SURFHGXUH
IROORZV D SUREDELOLVWLF IUDPHZRUN FRPSULVLQJ
YDULRXV PDWKHPDWLFDO PHWKRGV LQFOXGLQJ0RQWH
&DUOR VLPXODWLRQ %D\HVLDQ LQIHUHQFH DQG )LUVW
2UGHU5HOLDELOLW\0HWKRG)250
7KHSKLORVRSK\RIWKHXSGDWHGPHWKRGLV WR
HVWLPDWH WKH XQFRQGLWLRQDO DQQXDO SUREDELOLW\ RI
VORSHIDLOXUHEDVHGRQIUDJLOLW\FXUYHV7KHVORSH
IDLOXUH IUDJLOLW\ FXUYHV DUH REWDLQHG E\
SHUIRUPLQJ G\QDPLF DQDO\VHV WR DVVHVV WKH
VHLVPLF VORSH VWDELOLW\ EDVHG RQ WKH LQGXFHG
VKHDU VWUDLQV LQ WKH FOD\ OD\HUV 7KH LQSXW
PRWLRQVDUHREWDLQHGIURPDSUREDELOLVWLFVHLVPLF
KD]DUGDQDO\VLV36+$LQWKHVLWHWRHVWLPDWHWKH
SUREDEOHHDUWKTXDNHVWKDWPD\VWULNHWKHVLWH)RU
WKLV VWXG\ IRXU VWURQJ PRWLRQV ZLWK UHWXUQ
SHULRGVRIDQGZHUH
UHFRPPHQGHG*HRPDWUL[
2QFHWKHIUDJLOLW\FXUYHVDUHGHWHUPLQHGWKH
PDWKHPDWLFDO H[SHFWDWLRQ RSHUDWRU LV DSSOLHG WR
WKH HVWLPDWHG VHLVPLF KD]DUG IXQFWLRQ DQG WKH
HVWLPDWHG IUDJLOLW\ VORSH IDLOXUH IXQFWLRQ
QRUPDOL]HGZLWK UHVSHFW WR WKH UHWXUQ SHULRG WR
REWDLQWKHDQQXDOSUREDELOLW\RIVORSHIDLOXUHE\
VXPPLQJWKHSURGXFWVRIWKHSUREDELOLW\RIHDFK
HYHQW6HLVPLF+D]DUG)XQFWLRQE\WKHYDOXHRI
WKDW HYHQW 1RUPDOL]HG )UDJLOLW\ 6ORSH )DLOXUH
)XQFWLRQ
$IWHU DSSO\LQJ WKH SURSRVHG PHWKRGRORJ\
WKH XQFRQGLWLRQDO DQQXDO SUREDELOLW\ RI
HDUWKTXDNHLQGXFHG VORSH IDLOXUH ZDV HVWLPDWHG
WREH
0XG)ORZ,PSDFW+D]DUG$QDO\VLV
4.1.  BING Computer Code 
7R HVWLPDWH WKH SUREDELOLW\ RI PXG IORZ
LPSDFWLQJGRZQVORSHRIIVKRUH LQVWDOODWLRQVRQFH
WKH VORSH KDV IDLOHG WKH FRPSXWHU FRGH %,1*
,PUDQ HW DO D ZDV XVHG %,1* LV D '
QXPHULFDO PRGHO WKDW VLPXODWHV WKH GRZQVORSH
VSUHDGLQJ RI D VXEPDULQH GHEULV IORZ %,1* LV
DEOH WR XVH WKUHH GLIIHUHQW UKHRORJLFDO PRGHOV
%LQJKDP +HUVFKHO%XONOH\ DQG %LOLQHDU 7KH
PDLQRXWFRPHVRI%,1*DUHWKHUXQRXWGLVWDQFH
IURQW YHORFLW\ DQG WKH ILQDO VKDSH RI WKH IDLOHG
VHGLPHQWV
,QWKLVVWXG\WKH%LOLQHDUUKHRORJLFDOPRGHO
ZDV XVHG IRU WKH QXPHULFDO VLPXODWLRQV ZLWK
%,1*7KLVPRGHOKDVVKRZQWRJLYHDFFHSWDEOH
UHVXOWVLQSUHYLRXVVWXGLHV/RFDW,PUDQHW
DOE-HRQJHWDO
7KH ELOLQHDU PRGHO SURSRVHG E\ /RFDW
KDVEHHQDGDSWHGIRUQXPHULFDOPRGHOOLQJ
E\,PUDQHWDODDVVKRZQLQ(TV
DQG
 
 

    

    
ZKHUH
W VKHDUVWUHVV3D
J VKHDUVWUDLQUDWHV
Jr UHIHUHQFHVWUDLQUDWHV
r UDWLRRIVWUDLQUDWHV
Wya DSSDUHQW\LHOGVWUHQJWK3D
Pdh   YLVFRVLW\ DW KLJK VKHDU VWUDLQ UDWHV
SODVWLFYLVFRVLW\3DV
J0 VKHDUVWUDLQUDWHDWWKHWUDQVLWLRQIURPD
1HZWRQLDQWRD%LQJKDPEHKDYLRXUV
4.2. Monte Carlo Simulation of Runout 
Scenarios 
7RTXDQWLI\WKHHIIHFWRIXQFHUWDLQW\LQWKH%,1*
LQSXW SDUDPHWHUV RQ WKH UXQRXW GLVWDQFH WKH
0RQWH &DUOR VLPXODWLRQ PHWKRG ZDV XVHG WR
REWDLQWKHSUREDELOLW\GLVWULEXWLRQIXQFWLRQRIWKH
UXQRXWGLVWDQFH
7KH UDQGRP YDULDEOHV XVHG LQ WKH 0RQWH
&DUORVLPXODWLRQVZLWKWKHLUUDQJHRIYDOXHVDQG
SURSRVHG SUREDELOLW\ GLVWULEXWLRQV DUH OLVWHG LQ
7DEOH  7KH PHDQV P RI WKH GLVWULEXWLRQ
IXQFWLRQV ZHUH FDOFXODWHG E\ DVVXPLQJ
V\PPHWULFQRUPDOGLVWULEXWLRQIXQFWLRQVDQGWKH
VWDQGDUG GHYLDWLRQV V E\ XVLQJ WKH IROORZLQJ
DSSUR[LPDWLRQV PD[PLQ

7DEOH5DQGRPYDULDEOHV
9DULDEOH 0HDQ6WGRU
5DQJH
3UREDELOLW\
)XQFWLRQ
UPXGNJP  1RUPDO
W\D3D  1RUPDO
JUV
U
,QLWLDO
*HRPHWU\


DQG
1RUPDO
1RUPDO
'LVFUHWH
8QLIRUP

7KH DERYH LQSXW SDUDPHWHUV DUH WKH PXG
GHQVLW\ UPXG DSSDUHQW \LHOG VWUHQJWK W\D
UHIHUHQFHVKHDUVWUDLQJUUDWLRRIVWUDLQUDWHVU
DQGLQLWLDOJHRPHWU\FRQILJXUDWLRQ
7KH UDQJHRIYDOXHV IRU WKHPXGGHQVLW\ DV
ZHOODVWKHSDUDPHWHUVRIWKH%LOLQHDUUKHRORJLFDO
PRGHOW\DJUDQGUZHUHVHWEDVHGRQWKHZDWHU
FRQWHQW RI WKH IORZLQJ PDVV DQG WKH HPSLULFDO
FRUUHODWLRQVGHYHORSHGE\/RFDW
5HJDUGLQJWKHUDQGRPYDULDEOHLGHQWLILHGDV
,QLWLDO *HRPHWU\ WKLV YDULDEOH DFFRXQWV IRU WKH
LQLWLDO JHRPHWU\ FRQILJXUDWLRQ RI WKH IDLOHG
VHGLPHQWV %,1* DVVXPHV E\ GHIDXOW WKDW WKH
LQLWLDO JHRPHWU\ RI WKH GHEULV PDVV KDV D
SDUDEROLFVKDSH
7R UXQ WKH QXPHULFDO VLPXODWLRQV LW ZDV
SURSRVHG WR XVH WZR LQLWLDO JHRPHWU\
FRQILJXUDWLRQV
 &RQILJXUDWLRQ 1R PDWFKHV WKH LQLWLDO
OHQJWK RI WKH HVWLPDWHG VOLGH VXUIDFH
ZLWK WKH LQLWLDO OHQJWK RI PXG GHSRVLW
LHEDVHRIWKHSDUDEROD PDQGD
PD[LPXP WKLFNQHVV RI PXG GHSRVLW RI
P
 &RQILJXUDWLRQ1RPDWFKHV WKH LQLWLDO
WKLFNQHVV RI WKH VOLGH VXUIDFH ZLWK WKH
PD[LPXPWKLFNQHVVRI WKHPXGGHSRVLW
LH KHLJKW RI WKH SDUDEROD   P DQG
DQLQLWLDOOHQJWKRIPXGGHSRVLWRIP

,Q WKH0RQWH&DUOR VLPXODWLRQV YDOXHV
IRU HDFK UDQGRP YDULDEOH ZHUH JHQHUDWHG XVLQJ
WKH VSHFLILHG UDQJHV DQG SUREDELOLW\ GLVWULEXWLRQ
IXQFWLRQVVKRZQ LQ7DEOH7KHVWUDWLILHG/DWLQ
+\SHU &XEH VDPSOLQJ WHFKQLTXH SURSRVHG E\
0F.D\HWDO ZDVXVHG WRHQVXUHDJRRG
UHSUHVHQWDWLRQRIWKHGLVWULEXWLRQIXQFWLRQVIRUDOO
WKHUDQGRPYDULDEOHV
4.3. Runout Distance 
)LJXUHVKRZVWKHH[SHFWHGUXQRXWURXWHGRZQ
VORSH RI WKH IDLOHG VHGLPHQWV 7KLV URXWH JRHV
DORQJ D QDWXUDO FKDQQHO WKDWZDV IRUPHG GXH WR
SUHYLRXV VOLGH DFWLYLWLHV DQGPDVV JUDYLW\ IORZV
ZKLFK HURGHG WKH VHDIORRU DORQJ WKH FRQWLQHQWDO
VORSH 7KHUHIRUH WKH WRSRJUDSKLF SURILOH DORQJ
WKHQDWXUDOFKDQQHOZDVXVHGLQ%,1*WRUXQWKH
QXPHULFDOVLPXODWLRQV

)LJXUH([SHFWHGUXQRXWSDWKRIWKHIDLOHGVHGLPHQWVDQG
ORFDWLRQRIVRXUFHDQGH[SRVHGHOHPHQWVIRUWKHULVNDQDO\VLV
)LJXUH  VKRZV WKH FXPXODWLYH GLVWULEXWLRQ
IXQFWLRQV JHQHUDWHG WR ILW WKH QXPHULFDOO\
VLPXODWHG UXQRXW GLVWDQFHV ,W FDQ EH REVHUYHG
WKDWWKHORJQRUPDOGLVWULEXWLRQILWVZHOOWKHGDWD
7KH PHDQ DQG VWDQGDUG GHYLDWLRQ RI WKH ILWWHG
GLVWULEXWLRQ ZHUH  NP DQG  NP
UHVSHFWLYHO\ 7KLV SUREDELOLW\ GLVWULEXWLRQ ZDV
XVHG WR HVWLPDWH WKH SUREDELOLW\ RI D PXG IORZ
ZLWK SRWHQWLDO WR GDPDJH RIIVKRUH VWUXFWXUHV
UHDFKLQJ VSHFLILF ORFDWLRQV DORQJ WKH FKDQQHO
7KH FDVH VWXG\ IRFXVHG RQ WZR PDQLIROGV WKDW
ZLOOEHGHSOR\HGWRGHYHORSWKHQDWXUDOJDVILHOG
LGHQWLILHGDV0DQLIROG6RXWKDQG0DQLIROG1RUWK


)LJXUH5XQRXWGLVWDQFHFXPXODWLYHGLVWULEXWLRQIXQFWLRQ
DORQJWKHQDWXUDOFKDQQHO
0DQLIROG 6RXWK DQG 0DQLIROG 1RUWK DUH
ORFDWHG DORQJ WKH QDWXUDO FKDQQHO UHVSHFWLYHO\
NPDQGNPIURPWKHFURZQRIWKHVORSH
XQGHU LQYHVWLJDWLRQ )LJXUH  7KHUHIRUH WKH
SUREDELOLW\ RI EHHQ LPSDFWHG E\ WKH PXG IORZ
JLYHQWKDW WKHVORSHKDVIDLOHGIRU WKH0DQLIROG
6RXWK DQG 0DQLIROG 1RUWK DUH HVWLPDWHG XVLQJ
(T
Pimpact = P(Runout Distance  Manifold 
Location) 
7KH FRQGLWLRQDO LPSDFW SUREDELOLWLHV JLYHQ
WKDWVORSHIDLOXUHKDVRFFXUUHGIRUWKH0DQLIROG
6RXWK DQG 0DQLIROG 1RUWK DUH PimpactMS   
DQG PimpactMN    UHVSHFWLYHO\ 7KHVH
SUREDELOLWLHV DUH EDVHG RQ WKH ORJQRUPDO
SUREDELOLW\GLVWULEXWLRQIXQFWLRQWKDWEHVWILWVWKH
QXPHULFDOUXQRXWGLVWDQFHGDWD
&RQVHTXHQFHV
,Q WKLV VWXG\ WKH TXDQWLILFDWLRQ RI WKH GLUHFW
FRQVHTXHQFHV IRFXVHG PDLQO\ RQ WKH FRVW RI
RIIVKRUH HTXLSPHQW UDWKHU WKDQ WKH HFRQRPLF
ORVVHV GXH WR SURGXFWLRQ GLVUXSWLRQ DQG
HQYLURQPHQW LPSDFW ,W VKRXOGEH QRWHG WKDW WKH
HFRQRPLFORVVHVGXHWRSURGXFWLRQGLVUXSWLRQDQG
HQYLURQPHQWLPSDFWDUHOLNHO\WREHJUHDWHUWKDQ
WKH FRVW RI WKH HTXLSPHQW EXW WKHLU HVWLPDWLRQ
UHTXLUHV FRPSOH[ DQDO\WLFDO VFHQDULRV WKDW DUH
EH\RQGWKHVFRSHRIWKLVSDSHU

5.1. Elements at Risk
7KH RIIVKRUH QDWXUDO JDV ILHOG LV SODQQHG WR EH
GHYHORSHGE\GHSOR\LQJDV\VWHPRIVHYHQZHOOV
DQG WZR PDQLIROGV )LJXUH  0DQLIROG 6RXWK
ZLOO KDYH IRXU ZHOOV FRQQHFWHG DURXQG LW DQG
0DQLIROG1RUWKZLOOKDYH WKUHHZHOOVFRQQHFWHG
DURXQGLW
,Q WKLV DQDO\VLV LW ZDV FRQVLGHUHG WKDW WKH
FULWLFDORIIVKRUH VWUXFWXUHVH[SRVHG WRPXGIORZ
LPSDFW KD]DUG DUH WKH PDQLIROGV $ SURGXFWLRQ
PDQLIROG LV D VXEVHD VWUXFWXUHFRQWDLQLQJYDOYHV
DQG SLSHZRUN GHVLJQHG WR FRPELQH DQG GLUHFW
SURGXFHG IOXLGV IURPPXOWLSOHZHOOV LQWR RQHRU
PRUH IORZOLQHV ,W LV DVVXPHG WKDW WKH SLSHOLQHV
WKDWWUDQVSRUWWKHSURGXFHGQDWXUDOJDVWRRQVKRUH
IDFLOLWLHV IRU IXUWKHU GLVWULEXWLRQ IROORZ D VDIH
URXWH DZD\ IURP WKH PXG IORZ LPSDFW FULWLFDO
]RQH7KHVDPHDSSOLHVIRUWKHVXEVHDXPELOLFDOV
ZKLFK DUH WKH OLQN EHWZHHQ WRSVLGH DQG VXEVHD
V\VWHPV E\ D VHULHV RI FDEOHV DQG SLSHV WKDW
SURYLGHSRZHUDQGFRQWUROWRWKHVXEVHDV\VWHPV

5.2. Vulnerability Curves 
7R HVWLPDWH WKH FRQVHTXHQFHV WKH YXOQHUDELOLW\
FXUYHVIRUHDFKHOHPHQWDWULVNDUHUHTXLUHG7KH
HVWLPDWHG YXOQHUDELOLW\ IUDJLOLW\ FXUYHV IRU WKH
PDQLIROGV DUH EDVHG RQ WKH ODWHUDO FDSDFLW\ RI
WKHLU IRXQGDWLRQ7KH IRXQGDWLRQ VROXWLRQRI WKH
PDQLIROGV DUH VXFWLRQ FDLVVRQVZLWK QHDUO\ P
GLDPHWHUDQGDERXWPOHQJWK
7KHPD[LPXPODWHUDOFDSDFLW\RIWKHVXFWLRQ
SLOHWKDWPD\UHVLVWWKHPXGIORZLPSDFWIRUFHVLV
DERXWN17KHPXGIORZLPSDFWIRUFHVZHUH
H[DPLQHG WKURXJK WKH ZRUN GRQH E\ =DNHUL
 7KH IOXLG G\QDPLFV DSSURDFK SURSRVHG
E\3IHLIIDQG+RSILQJHUZDVDSSOLHG
7KLVIRUPXODWLRQLVEDVHGRQWKHFODVVLFIOXLG
G\QDPLFV DSSURDFK UHJDUGLQJ WKH IRUFH
H[SHULHQFHGE\DQREMHFWPRYLQJWKURXJKDIOXLG
DW UHODWLYHO\ ODUJH YHORFLW\ LH KLJK 5H\QROGV
QXPEHU 5H !a 7KH GUDJ FRHIILFLHQW LV D
IXQFWLRQ RI WKH 5H\QROGV QXPEHU LH 5H  
,QHUWLDO )RUFHV9LVFRXV )RUFHV DV ZHOO DV WKH
VKDSHDQGVXUIDFHUXJRVLW\RIWKHREMHFW
,QWKLVVWXG\LWLVDVVXPHGWKDWWKHPXGIORZ
ZLOOLPSDFWWKHWRSSDUWRIWKHVXFWLRQSLOHDWWKH
LQWHUIDFH EHWZHHQ WKH VXFWLRQ SLOH DQG WKH
PDQLIROG +HQFH WKH LPSDFWHG REMHFW ZDV
FRQVLGHUHG WR KDYH D F\OLQGHU VKDSH ZLWK D
VPRRWK VXUIDFH 7KH PDQLIROG LWVHOI LV D YHU\
FRPSOH[ VWHHO VWUXFWXUH DQG LW LV GLIILFXOW WR
HVWLPDWH WKH GUDJ FRHIILFLHQW EDVHG RQ LWV VKDSH
DQGVXUIDFHUXJRVLW\
7KH HVWLPDWHG YXOQHUDELOLW\ FXUYHV IRU WKH
PDQLIROGVVKRZQLQ)LJXUHDUHIXQFWLRQVRIWKH
YHORFLW\DQGWKLFNQHVVRIWKHPXGIORZ


)LJXUH9XOQHUDELOLW\FXUYHVIRUH[SRVHGPDQLIROGVEDVHG
RQWKHYHORFLW\DQGWKLFNQHVVRIWKHPXGIORZ
7DEOH  VKRZV WKH H[SHFWHG IURQW YHORFLW\
DQG WKLFNQHVV RI WKH PXG IORZ DW  NP
SRVLWLRQ RI 0DQLIROG 6RXWK DQG  NP
SRVLWLRQRI0DQLIROG1RUWK IURP WKHFURZQRI
WKHVORSHUHVSHFWLYHO\7KHYDOXHVOLVWHGLQ7DEOH
 DUH EDVHG RQ SUREDELOLVWLF DQDO\VHV RI WKH
VLPXODWLRQRXWSXWGDWD
7DEOH([SHFWHGIURQWYHORFLW\DQGWKLFNQHVVRIPXGIORZ
'LVWDQFHIURP
WKH&URZQRIWKH
6ORSHNP
)URQW9HORFLW\
PV
0XG7KLFNQHVV
P
  
  
5LVN$QDO\VLV
7R HVWLPDWH WKH ULVN DVVRFLDWHG WR HDUWKTXDNH
LQGXFHG VXEPDULQH VORSH IDLOXUH IRU WKHSODQQHG
GHHSZDWHU QDWXUDO JDV GHYHORSPHQW LQ WKH*XOI
RI 0H[LFR WKH FODVVLF GHILQLWLRQ RI ULVN ZDV
DSSOLHGLH5LVN +D]DUGu&RQVHTXHQFHV
,QWKLVFRQWH[WHazardFDQEHGHILQHGDVWKH
DQQXDO SUREDELOLW\ RI VHGLPHQWV LPSDFWLQJ
RIIVKRUH VWUXFWXUHVJLYHQ WKDWD VXEPDULQHVORSH
IDLOHGDQGFDQEHHVWLPDWHGZLWK(T
P[Sediments impacting seabed installation] 
= P[EQ induced slope failure] u 
P[Sediments reaching seabed installation | 
Submarine slope has failed] ሺͷሻ
%DVHGRQ WKH LQIRUPDWLRQJLYHQ LQSUHYLRXV
VHFWLRQV WKH HDUWKTXDNHLQGXFHG VORSH IDLOXUH
ULVNDQDO\VLVLQWKHFDVHVWXG\FDQEHDVVHVVHGE\
XVLQJ WKH HVWLPDWHG XQFRQGLWLRQDO DQQXDO
SUREDELOLW\ RI WKH HDUWKTXDNHLQGXFHG VORSH
IDLOXUHLH8$)3 LQVHFWLRQDQG(T
DVIROORZV

x 0DQLIROG6RXWK
8VLQJ(TWRHVWLPDWHWKHKD]DUG
P[Sediments impacting Manifold South] = 
[1.210-3] u [0.37]= 4.410-4 
x 0DQLIROG1RUWK
8VLQJ(TWRHVWLPDWHWKHKD]DUG
P[Sediments impacting Manifold North] = 
[1.210-3] u [0.09]= 1.110-4

)URP WKH YXOQHUDELOLW\ FXUYHV VKRZQ LQ
)LJXUHDQG7DEOHWKHHVWLPDWHGYXOQHUDELOLW\
IRU 0DQLIROG 6RXWK DQG 0DQLIROG 1RUWK LV 
7KHUHIRUH WKHFRQVHTXHQFHVFDQEHHVWLPDWHGDV
IROORZV
Consequences = Manifold South ($) u 1= 
Manifold South ($). 
Consequences = Manifold North ($) u 1= 
Manifold North ($).

,W LVQRWHG WKDW LQ WKLVDQDO\VLV WKHHOHPHQWV
DWULVNKDYHGLIIHUHQWKD]DUGYDOXHJLYHQWKDWWKH\
DUH ORFDWHG DW GLIIHUHQW GLVWDQFHV DORQJ WKH
QDWXUDOFKDQQHO7KHWRWDOULVNIRUWKHHOHPHQWVDW
ULVNLQWKLVVWXG\FDQEHHVWLPDWHGZLWK(T
 
8VLQJ(TDQGDVVXPLQJWKDW WKHFRVWRI
0DQLIROG6RXWKDQG0DQLIROG1RUWKDUHWKHVDPH
WKHWRWDOULVNLVu 
 u 

,QRWKHUZRUGVWKHDQQXDOULVNDVVRFLDWHGWR
WKH HDUWKTXDNHLQGXFHG VXEPDULQH VORSH IDLOXUH
IRUWKHIXWXUHGHHSZDWHUJDVGHYHORSPHQWLQWKH
*XOI RI 0H[LFR LV HTXDO WR WKH FRVW RI WKH
0DQLIROGPXOWLSOLHGE\
'LVFXVVLRQDQG&RQFOXVLRQV
7KLVSDSHUSUHVHQWHGDQRIIVKRUHULVNDQDO\VLVIRU
WKHSODQQHGGHHSZDWHUQDWXUDOJDVGHYHORSPHQW
LQWKH*XOIRI0H[LFR,WLVIRFXVHGRQWKHGLUHFW
FRQVHTXHQFHV UDWKHU WKDQ WKH LQGLUHFW
FRQVHTXHQFHV VSHFLILFDOO\ WKH SRWHQWLDO GDPDJH
WR WZR SODQQHG 0DQLIROGV IRU FROOHFWLQJ DQG
WUDQVSRUWLQJWKHK\GURFDUERQVRQVKRUH
7R VLPXODWH WKH G\QDPLFV RI WKHPXG IORZ
GRZQVORSH WKH ' QXPHULFDO PRGHO %,1*
GHYHORSHGE\,PUDQDZDVXVHG+RZHYHU
%,1* GRHV QRW DFFRXQW IRU WKH WUDQVSRUW RI
VHGLPHQWV DORQJ FKDQQHO VXUIDFH FRQILJXUDWLRQV
ZKLFKXVXDOO\LQGXFHODUJHUUXQRXWGLVWDQFHVDQG
GHEULV IORZ YHORFLWLHV GXH WR WKH LQFUHDVH RI
LQHUWLDO IRUFHV DQG WKLFNQHVV RI WKH VKHDU OD\HU
FRPSDUHGWRQRQFKDQQHOVXUIDFHFRQILJXUDWLRQV
2Q WKH RWKHU KDQG WKH %,1* PRGHO GRHV QRW
DFFRXQW IRU WKH UHVLVWDQFH JHQHUDWHG DW WKH
LQWHUIDFH EHWZHHQ WKH PRYLQJ GHEULV DQG WKH
DPELHQW IOXLG DERYH ZKLFK PD\ UHVXOW LQ
RYHUHVWLPDWHG UXQRXWGLVWDQFHVDQGYHORFLWLHVRI
WKH GHEULV IORZV DV 5RGUtJXH]2FKRD HW DO
D VKRZHG 7KH ODWWHU OLPLWDWLRQ PD\
FRXQWHUEDODQFHWKHDEVHQFHRIWKHFKDQQHOHIIHFW
GXULQJWKHGHEULVIORZQXPHULFDOVLPXODWLRQV
7KLVZRUNSUHVHQWV DOO WKH UHTXLUHG VWHSV WR
FDUU\RXWWKHULVNDQDO\VLVLQDV\VWHPDWLFPDQQHU
LQFOXGLQJ
 (VWLPDWLRQ RI WKH DQQXDO SUREDELOLW\ RI
HDUWKTXDNHLQGXFHGVORSHIDLOXUH
 ,GHQWLILFDWLRQRIWKHHOHPHQWVDWULVN
 3UREDELOLW\ RI LPSDFWLQJ VHDEHG
LQVWDOODWLRQVHOHPHQWVDWULVNJLYHQWKDW
WKHVXEPDULQHVORSHDOUHDG\IDLOHG
 (VWLPDWLRQ RI YXOQHUDELOLW\ FXUYHV IRU
WKH HOHPHQWV DW ULVN WR DVVHVV WKH
FRQVHTXHQFHVDQG
 (YDOXDWLRQRIWKHULVN

7R HVWLPDWH WKH DQQXDO SUREDELOLW\ RI
HDUWKTXDNHLQGXFHG VORSH IDLOXUH WKH VORSH
IDLOXUH IUDJLOLW\ FXUYH DSSURDFK SURSRVHG E\
5RGUtJXH]2FKRD HW DO E ZDV XVHG 7KH
SUREDELOLW\ RI LPSDFWLQJ D VHDEHG LQVWDOODWLRQ
JLYHQ WKDW WKH VXEPDULQH VORSH DOUHDG\ IDLOHG
ZDV REWDLQHG E\ QXPHULFDO VLPXODWLRQ RI GHEULV
IORZV LQ %,1* FRGH ,PUDQ  DQG 0RQWH
&DUORPHWKRG
7KH DQQXDO ULVN DVVRFLDWHG WR WKH IDLOXUH RI
VXEPDULQH VORSH ZDV IRXQG WR EH DERXW 
WLPHVWKHFRVWRIWKH0DQLIROG
5HIHUHQFHV
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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 Recurrence Periods of Earthquake-Induced Submarine Landslides 
 
 
 
Submarine landslides represent a constant threat to offshore installations deployed along the continental 
slope, therefore the estimation of the recurrence period of slope failures is a key parameter to assess the 
risk associated with potential massive transport of soil sediments. The initiation of submarine slope 
failures may be due to long-term triggers like the formation of weak layers, sedimentation rates and fault 
displacements, as well as short-term triggers like earthquakes and storm waves, or a combination of both 
of them. 
The recurrence period of submarine slope failures can be linked to the recurrence period of their triggers. 
When the main trigger of slope failure is an earthquake, it is possible to estimate numerically the 
probability density of the return period for slope failure by using the seismic hazard curve and a 
mechanical model for earthquake-triggered slope instability. 
This paper presents a procedure to calculate the conditional probability of slope failure with the maximum 
probability density (peak) to obtain the return period of the earthquake event with the largest probability 
of inducing a slope failure. The conditional probability corresponding to the maximum probability density 
is estimated after obtaining several conditional cumulative probability points for different earthquake 
return periods, and matching a cumulative distribution function (CDF) to those points; finally, the 
maximum probability density of the corresponding probability density function (PDF) is obtained. 
The suggested analytical procedure is applied and compared with available geological evidence in a site 
located in the Gulf of Mexico. 
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INTRODUCTION 
 
This report presents a summary of the best practices to evaluate the stability of submarine 
slopes under earthquake loading in deepwater sites by means of deterministic analyses. 
Information of ground response techniques is presented with focus on identifying the 
advantages and limitations of the current available techniques to reproduce the actual 
behavior of soils under cyclic loading. Particular attention is given to earthquake-induced 
potential landslide scenarios and based on laboratory tests and a simplified constitutive 
model SIMPLE DSS developed for the one-dimensional wave propagation analysis three 
scenarios are illustrated. Throughout this analysis the cyclic-induced deformations and 
excess pore pressures are shown as a key element in the degradation of static and cyclic 
shear strength of fine-grained soils ( cy, Su,fin) during and after earthquake motion, which can 
lead to slope instability. Theoretical background is also given concerning available soil 
constitutive models intended to reproduce the dynamic behavior of soils in the slope, such 
as permanent deformations and excess pore pressures during the earthquake phenomenon. 
The information presented in this report is guided by the chronological order of the events: 
Pre-earthquake static stability, Dynamic (earthquake) stability and Post-earthquake static 
stability. 
 
1. GROUND RESPONSE ANALYSIS 
1.1 BACKGROUND 
Since the complex nature of the mechanism of fault as well as the complex mechanism of 
energy transmission between the source and the site, ground response analyses are mainly 
focused on determining the response of the soil deposit to the motion of the bedrock 
immediately beneath it. Despite the fact that seismic waves may travel through tens of 
kilometers of rock and often less than 100 m of soil, the soil plays a very important role in 
determining the characteristics of the ground surface motion. 
In the course of the years, a number of techniques have been developed for ground 
response analysis. These techniques are often grouped according to the dimensionality of 
the problems they can address, many of the two and three dimensional techniques are 
relatively straightforward extensions of corresponding one-dimensional techniques (Kramer 
1996). 
 
1.2 ONE DIMENSIONAL GROUND RESPONSE ANALYSIS 
One-dimensional ground response analyses hold the assumption that all boundaries are 
horizontal and that the response of a soil deposit is predominantly caused by SH-waves 
propagating vertically from the underlying bedrock. One-dimensional ground response 
analysis also assumes that the soil and bedrock surface extend infinitely in the horizontal 
direction. 
 Linear Approach 
The linear approach is based on transfer functions, which can be used to express various 
response parameters, such as displacement, velocity, acceleration, shear stress and shear 
strain, having an input motion parameter such as bedrock acceleration. Because the linear 
approach relies on the principle of superposition, this approach is limited to the analysis of 
linear systems. However nonlinear behavior can be approximated using an iterative 
procedure with equivalent linear soil properties. 
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Although the calculations involve manipulation of complex numbers, the approach itself is 
simple. In general a known time history of bedrock (input) motion is represented as a Fourier 
series in the frequency domain, usually using the Fast Fourier Transformation FFT. Where 
each term in the Fourier series of the bedrock (input) motion is then multiplied by the 
transfer function to produce the Fourier series of the ground surface (output) motion. The 
ground surface (output) motion can then be expressed in the time domain using the inverse 
FFT. Thus the transfer function determines how each frequency in the bedrock (input) 
motion is amplified, or de-amplified by the soil deposit. 
Currently there are available transfer functions ranging from very simple to more realistic 
and complicated geotechnical conditions, including: 
Uniform Undamped Soil on Rigid Rock 
Uniform, Damped Soil on Rigid Rock 
Uniform, Damped Soil on Elastic Rock 
Layered, Damped Soil on Elastic Rock 
 
 Equivalent Linear Approximation of Nonlinear Response 
As the nonlinearity of soil behavior is well known, the linear approach must be modified to 
provide reasonable estimates of ground response for practical problems of interest. It is 
important to point out that linear approach requires that G and  be constant for each soil 
layer, the problem becomes one of determining the values that are consistent with the level 
of strain induced in each layer. 
Taking into account that the computed strain level depends on the values of the equivalent 
linear properties, an iterative procedure is required to ensure that the properties used in the 
analysis are compatible with the computed strain levels in all layers. 
Even though the process of iteration toward strain-compatible soil properties allows 
nonlinear soil behavior to be approximated, it is important to remember that the complex 
response method is still a linear method of analysis. The strain-compatible soil properties are 
constant throughout the duration of the earthquake, regardless of whether the strains at a 
particular time are small or large. The method is incapable of representing the changes in 
soil stiffness that actually occurs during the earthquake. The equivalent linear approach to 
one-dimensional ground response analysis of layered sites has been coded into a widely 
used computer program called SHAKE (Schnabel et al., 1972), Kramer 1996. 
 
 Nonlinear Approach 
An alternative approach is to analyze the actual nonlinear response of a soil deposit using 
direct numerical integration in the time domain. As a result of integrating the equation of 
motion in small time steps, any linear or nonlinear stress-strain model, or advanced 
constitutive model can be used. Through this method, a nonlinear inelastic stress-strain 
relationship can be followed in a set of small incrementally linear steps. 
Available nonlinear one-dimensional ground response analysis computer programs 
characterize stress-strain behavior of the soil by cyclic stress-strain models like the 
hyperbolic model and the modified hyperbolic model. Alternative computer programs have 
been based on advanced constitutive models such as the nested yield surface model. A 
number of techniques can be used to integrate the equations of motion such as the explicit 
finite-difference and the implicit finite-difference, however most existing computer 
programs for nonlinear ground response analysis use the explicit formulation (Kramer 1996). 
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1.3 COMPARISON OF ONE-DIMENSIONAL GROUND RESPONSE ANALYSES 
 Equivalent linear analyses can be much more efficient than nonlinear analyses, 
particularly when the input motion can be characterized with acceptable accuracy by 
a small number of terms in a Fourier series. 
 Nonlinear methods can be formulated in terms of effective stresses to allow 
modeling of the generation, redistribution, and eventual dissipation of excess pore 
pressure during and after earthquake shaking. Equivalent linear methods do not have 
this capability. 
 Nonlinear methods require a reliable stress-strain or constitutive model. The 
parameters that describe such models are not as well established as those of the 
equivalent linear model. A substantial field and laboratory testing program may be 
required to evaluate nonlinear model parameters. 
 Differences between the results of equivalent linear and nonlinear analyses depend 
on the degree of nonlinearity in the actual soil response. 
 
1.4 TWO-DIMENSIONAL DYNAMIC RESPONSE ANALYSIS 
When some conditions such as sloping or irregular ground surfaces, heavy or stiff embedded 
structures, or walls and tunnels are present in the analysis, it is necessary two-dimensional 
or even three dimensional approaches. Problems in which one dimension is considerably 
greater than others can often be treated as two-dimensional plane strains. 
Techniques for the solution of such problems have been developed using both frequency-
domain (complex response) methods and time domain (direct integration) methods. 
Normally two and three dimensional dynamic response and soil-structure interaction 
problems are most commonly solved using dynamic finite-element analyses: 
 Equivalent Linear Approach. 
The two-dimensional equivalent linear approach is very similar to the one-dimensional 
approach, but in this case the system is represented by a two-dimensional finite-element 
model. The input motion is represented by a Fourier series and the equations of motion are 
solved for each frequency of the series with the results summed to obtain the total 
response. 
 Nonlinear Approach. 
Two-dimensional nonlinear analyses can be used to estimate permanent displacement of 
slopes, retaining structures, and other constructed facilities. Two-dimensional nonlinear 
dynamic response analyses are performed by writing the global equations of motion from a 
finite-element idealization in incremental form and then integrating them in the time 
domain. Such analyses can be divided into two main groups according to the manner in 
which the soil behavior is represented: Cyclic Nonlinear Stress-Strain Models and Advanced 
Constitutive Models. 
 Other Approaches to Two-Dimensional Dynamic Response Problems. 
These approaches typically involve simplifying assumptions that allow two-dimensional 
problems to be solved by one-dimensional analyses: 
1. Shear Beam Approach (Mononobe et al. 1936). The shear beam approach is 
based on the assumption that the dam deforms in simple shear, thereby 
producing only horizontal displacements. 
2. The Layered Inelastic Shear Beam (Stara-Gazetas, 1986). Combines the shear 
beam approach with a one-dimensional nonlinear response analysis. 
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1.5 IMPORTANT FACTORS INFLUENCING SOIL STRENGTH UNDER CYCLIC LOADING 
Based on laboratory tests, Nadim et al. (2007) made a compilation of the main aspects of a 
typical soil element within a submarine slope to address the strength behavior of clays in 
submarine slopes under earthquake loading. The following factors were investigated:  
 Rapid Rate of Loading 
It was confirmed that the undrained shear strength increases as the rate of loading 
increases. 
 Permanent (static) Shear Stress 
It was observed that the effect of a consolidation shear stress c (i.e., a slope) increases the 
strength of the soil when shearing downhill, but reduces the available shear strength for the 
slope by decreasing the difference between the permanent shear stress c and the soil shear 
strength su. 
 Post-earthquake static shear strength and creep deformations after the earthquake. 
It was shown that the cyclic shear strains induced by the earthquake tend to reduce the 
shear strength. If the earthquake-induced cyclic shear strains are large, the slope could 
undergo further creep displacements after the earthquake and experience a significant 
reduction of static shear strength. 
 
 
2. STABILITY OF SUBMARINE SLOPES 
2.1 BACKGROUND 
The oil and gas industry remains the main source of energy all over the world, despite the 
increasing attention to develop other sources of energy. For that reason vast effort is still 
destined to the quest of hydrocarbons, where many of the reservoirs are found in offshore 
sites with increasing water depths. Offshore structures are necessary for the development of 
oil and gas fields, many of them need to be placed in areas with potential of submarine slide 
activity, for this reason is important to take into account the stability of submarine slopes in 
the selection of sites. 
In order to characterize the site under investigation for stability analyses, it is necessary to 
divide the activities in two main stages, regional and site specific evaluations. 
 
2.1.1 Regional Evaluation 
The objective of the regional survey is to get an overview of the relevant area and to give 
input to site specific evaluations. The main tool to get regional information comes from 
geophysical surveys including bathymetric mapping of the region and mapping of soil 
sediments. Location of slope angles, previous slide activities and possible unstable layers can 
be identified based on geophysical surveys (NGI Report, 1997). 
 
2.1.2 Site Specific Evaluation 
The objective of the site specific evaluation is to determine the slope stability for critical 
slopes in the survey area and possible submarine slides that can damage the integrity of a 
structure. To achieve a detailed evaluation of seabed stability the following background data 
and information has to be available: seabed topography, soil layering to bedrock, previous 
slide activity, trigger mechanisms for submarine slides and soil properties. Special laboratory 
testing has to be carried out to determine the soil response to a triggering mechanism. 
 
 
5 
 
2.2 PRE-EARTHQUAKE STATIC STABILITY 
The analyses for evaluation of static stability of slopes are based on the limit equilibrium 
theory, which calculate the factor of safety of critical slip surfaces by the method of slices. 
Currently there are several computer slope stability programs to calculate the factor of 
safety of critical failure surfaces, like SLOPE/W (Geo-Slope Inc), Slide (Rocscience) and BEAST 
(Clausen, 1990) among others. It is common to choose the method of Morgenstern and Price 
(1965) or a variation of it for equilibrium of the slides. 
These programs can be used to evaluate the stability in the short term using undrained shear 
strengths, and in the long term using friction angles. Laboratory tests such as triaxial 
compression and direct simple shear tests, and correlations between tip resistance of CPT 
tests and laboratory tests are the main sources of information regarding shear strength. 
The input data for the slope stability programs are the geometry of the slope, stratigraphy, 
submerged unit weight, static shear strength and in some cases shear strength anisotropy. 
Laboratory tests like triaxial extension Su
E, and direct simple shear test under consolidation 
shear stress Su
DSS are used to evaluate strength anisotropy, obtaining anisotropy factors by 
means of relationships such as Su
DSS/Su
C and Su
E/ Su
C where Su
C is the untrained shear 
strength in triaxial compression. 
 
2.3 DURING-EARTHQUAKE DYNAMIC STABILITY 
 
2.3.1 EFFECT OF EARTHQUAKE LOADING ON SLOPES 
Regarding the main effects of submarine slopes under earthquake loading, Biscontin et al. 
(2004) described three scenarios for earthquake-induced submarine slide. The findings were 
based on a simplified constitutive model called SIMPLE DSS developed for the one-
dimensional wave propagation analysis of submerged clay slopes under seismic loading. The 
model assumes a soil element within the slope subjected to direct simple shear stress state, 
similar to earthquake induced shear stresses in level ground, with shear stress direction 
parallel to the dip of the slope. This analogy can be assumed given the geometry of the 
slopes under study, which usually have a large longitudinal distance with constant slope 
angle. The model was calibrated using normally consolidated Boston Blue Clay under 
monotonic and cyclic direct simple shear DSS test, where some specimens were 
consolidated under normal effective stress and shear stress ( c) to reproduce the slope 
effect. SIMPLE DSS model is able to simulate excess pore pressures during cyclic loading; this 
allows determining effective stress paths. 
 
To perform the seismic site response analysis for sloping ground the SIMPLE DSS constitutive 
model was implemented in the finite element program AMPLE2000. Nadim et al. (2007) 
summarized the three scenarios described by Biscontin et al. (2004) as follows: 
 Scenario 1 – Failure occurs during the earthquake. The soil would need to have strong 
strain-softening characteristics and high sensitivity. The strains and pore pressures 
generated by the cyclic stresses degrade the shear strength so much that the slope is not 
able to carry the static shear stresses. It should be noted that even if the earthquake does 
not cause a complete failure of the slope, it might still induce large down-displacements 
(slumping). The earthquake-induced permanent displacement may be from a few 
centimeters to several meters. 
 Scenario 2 – Post-earthquake failure due to increase in excess pore pressure caused by 
upward seepage from deeper layers. This scenario requires a layer near the sea floor (5 – 
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10m depth) with much lower permeability and lower consolidation coefficient (2 orders of 
magnitude or more) than the rest of the soil deposit. This scenario could occur over a time 
span of decades or even centuries in deep marine clay deposits. 
 Scenario 3 – Post-earthquake failure due to creep and/or significant reduction of static 
shear strength. This scenario requires that large cyclic shear strains occur during the 
earthquake shaking. The effective stress paths for a typical soil element on a potential slip 
surface for these scenarios are illustrated on Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Effective stress path for a soil element on the critical slip surface. 
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2.3.2 PSEUDO-STATIC ANALYSES 
A pseudo-static analysis is carried out by applying a horizontal static load equal to the mass 
times the maximum ground acceleration to simulate the inertial force. The cut-off 
acceleration is computed by increasing the acceleration gradually until a condition of SF=1 is 
obtained under simultaneous actions of the own slope weight and the pseudo-static 
horizontal earthquake force. This type of analysis can also be carry out by slope computer 
programs such as Slide and BEAST. 
However, failure conditions last only for fractions of seconds during the most intense 
earthquake shaking and may generate a gradual accumulation of strains and displacements, 
but after the earthquake the slope is again subjected solely to gravity forces. Therefore, this 
approach may present factors of safety below one even when the slope remains stable. 
Hence, it is the degradation of soil strength by earthquake induced strain and the associated 
increase in pore pressure that governs stability under and after earthquake loading (Kvalstad 
et al. 2005). Because this approach is not able to estimate deformations, ground response 
analyses are required to address this issue. 
 
2.3.3 GEOTECHNICAL PARAMETERS 
Important soil parameters to perform ground response analyses can be obtained as follow: 
 Cyclic Soil Strength Parameters 
Cyclic undrained shear strength ( cy) to be used as input in ground response analysis is 
obtained mainly from Cyclic Direct Simple Shear Tests and Cyclic Triaxial Tests for an 
equivalent number of cycles N. 
 Dynamic Soil Parameters 
Maximum Shear Modulus Gmax is obtained from bender element and resonant column tests. 
G/Gmax and damping ratio  curves are obtained from resonant column tests. 
 
2.3.4 ESTIMATING DEFORMATIONS 
Due to the difficulty to simulate excess pore water pressure during cyclic loading with 
available methods, in practice it is recommended to perform 1D non-linear earthquake 
response analysis using AMPLE (Nadim, 1991), or similar, to calculate earthquake induced 
shear strains and displacements. It has been shown that shear strains give a good estimation 
of strength degradation in soils. 
AMPLE models a layered soil profile as one-dimensional, non-linear shear beam. The non-
linearity is due to the non-linear soil stress-strain characteristics. The resulting wave 
propagation equations are solved numerically in the time domain using the explicit central 
difference method. The base rock acceleration time history is scaled to the relevant peak 
ground acceleration (PGA) design criteria and the response of a 1D soil column from base 
rock to seabed is calculated. A hyperbolic soil model is used to assume a stress-strain 
response with initial stiffness of Gmax and limiting strength of su. The failure-seeking rule 
(Cundall, 1979) is used to model the unloading-reloading response, which also takes the 
effect of the inclined seabed (infinite slope) into account. 
Subsequently, 1D response at relevant depth is used as input to more comprehensive 2D 
dynamic finite element earthquake analyses to be performed with the program PLAXIS. 
Elastoplastic soil models can be applied to calculate accumulation of displacements and 
shear strains caused by earthquake loading to let comparisons with previous 1D analysis.  
Static stability is also considered using PLAXIS to compare safety factors with results from 
limit equilibrium analyses. Phi-c reduction procedure can be used as loading parameter. 
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2.3.5 CONSTITUTIVE MODELS 
Ground response analyses require soil constitutive models that imitate key features of the 
cyclic soil behavior in order to simulate the response of sediments under earthquake 
loadings. 
In general, there are three broad classes of soil models: Equivalent Linear Models, Cyclic 
Nonlinear Models and Advanced Constitutive Models. Equivalent linear models are the 
simplest and most commonly used but have a limited ability to represent many aspects of 
soil behavior under cyclic loading conditions. At the other end of the spectrum, advanced 
constitutive models can represent many details of dynamic soil behavior, but their 
complexity and difficulty of calibration currently make them impractical for many common 
geotechnical earthquake engineering problems (Kramer 1996). 
 
 Equivalent Linear Model 
The parameters Gsec and  are often referred to as equivalent linear material parameters. 
For certain types of ground response analyses, they are used directly to describe the soil 
behavior; other types of analyses require the actual path of the hysteresis loop as described 
by a cyclic nonlinear or advanced constitutive model. 
The equivalent linear model cannot be used directly for problems involving permanent 
deformation or failure; they also imply that the strain will always return to zero after cyclic 
loading, and since a linear material has no limiting strength, failure cannot occur. However, 
the assumption of linearity allows a very efficient class of computational models to be used 
for ground response analyses. For that reason it is commonly employed, giving considerable 
attention to the characterization of Gsec and  for different soils (Kramer 1996). 
 
 Cyclic Nonlinear Models 
The nonlinear stress-strain behavior of soils can be represented more accurately by cyclic 
nonlinear models that follow the actual stress-strain path during cyclic loading. Such models 
are able to represent the shear strength of the soil, and with an appropriate pore pressure 
generation model, also changes in effective stress during undrained cyclic loading can be 
predicted. The cyclic nonlinear models are characterized by two key elements: 
1. Backbone curve. 
2. Series of rules that govern unloading-reloading behavior, stiffness 
degradation, and other effects. Models that follow just two rules describe 
Masing behavior (Masing, 1926), models that have two more complementary 
rules are called extended Masing models. 
 
The ability to represent the development of permanent strains is one of the most important 
advantages of cyclic nonlinear models over equivalent linear models. When incorporated 
into computational models for ground response analysis, cyclic nonlinear models allow 
prediction of the generation, redistribution, and eventual dissipation of pore pressures 
during and after earthquake shaking (Kramer 1996), but that is not an easy task. 
 
 Advanced Constitutive Models 
The most accurate and general methods for representing of soils behavior are advanced 
constitutive models, which use basic principles of mechanics to describe observed soil 
behavior for: (a) general initial stress conditions, (b) a wide variety of stress paths, (c) 
9 
 
rotation of principal stress axes, (d) cyclic or monotonic loading, (e) high or low strain rates, 
and (f) drained or undrained conditions. 
 
Advanced constitutive models hold three main characteristics: 
1. Yield surface that describes the limiting stress conditions for which elastic 
behavior is observed. 
2. Hardening law that describes changes in the size and shape of the yield 
surface as plastic deformation occurs, and 
3. Flow rule that relates increments of plastic strain to increments of stress. 
 
The Cam-Clay (Roscoe and Schofield, 1963) and modified Cam-Clay (Roscoe and Burland, 
1968) models were among the first of this type. 
Even though advanced constitutive models allow considerable flexibility and generality in 
modeling the response of soils to cyclic loading, their description usually requires many 
more parameters than equivalent linear models or cyclic nonlinear models. Evaluation of 
these parameters can be difficult, and the parameters obtained from one type of test can be 
different from those obtained from another (Kramer 1996). 
During the selection of the constitutive model process it is important to keep in mind that 
models range considerably in complexity and accuracy, this means a model that is 
appropriate for one type of problem may not be appropriate for another. No single stress-
strain model is appropriate for all problems. Selection of a stress-strain model requires 
careful consideration of the problem to which it is to be applied, recognition of the 
assumptions and limitations of the models, and a good understanding of how the model is 
used in all required analyses (Kramer 1996). 
 
2.4 POST-EARTHQUAKE STATIC STABILITY 
Once the accumulated strains are computed, post-cyclic static strength Su,fin from direct 
simple shear and triaxial compression tests are used to determine the degradation of shear 
strength after cyclic loading, and the associated reduction of the factor of safety in static 
stability conditions. 
 
 
 
CASE HISTORIES 
Seismic activity is known as the main trigger of submarine landsides (NGI Report 1997, 
Hance 2003). Hance (2003) developed a database on published literature which includes 534 
submarine slide events where 14 different triggering mechanisms were identified; 
information on the triggering mechanism(s) causing the slope failure is available for 366 of 
the 534 landslides. Although in most of the landslides where reported multiple triggers 
because the specific trigger was uncertain, over 40 percent were attributed to earthquake 
and faulting mechanisms, which cover 225 of the slope failures, Figure 2. 
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Figure 2. Distribution of triggering mechanisms. 
 
The occurrence of submarine slides are common in marine sediments, however it is not easy 
to identify them given the intrinsic nature of the phenomenon. According to Hance (2003), 
the majority of the slope failures are located in the northern and western hemispheres of 
the world, however these locations are probably just an indicative where offshore 
exploration activity has occurred and data have been published. Therefore, these locations 
are probably not indicative of the occurrence of submarine landslides worldwide. 
Further information from Hance’s database relates to water depths of submarine landslides, 
where in order to identify the affected area by the landslide the shallowest and deepest 
water depths were recorded for each landslide. About 80% of the 534 slide events have 
water depths information, where means for the shallowest and deepest water depths were 
about 1125 m and 1868 m, respectively, which is a difference of about 750 m. Assuming an 
average slope of 10 degrees it can be estimated a run-out distance about 4,250 m for a 
change in elevation of 750 m. In consequence, the water depths for the slope failures 
suggest that failed materials travel long distances, at least 4 km considering that the 
inclination of the seafloor is typically less than 10 degrees (Hance 2003). 
Concerning the type of soil, the majority of the slides where information on soil type was 
available involved fine-grained material, i.e. clays and silts. In the continental shelf fine-
grained soil is common to find given the large distance from the main sediment sources 
(rivers), having also low deposition rates (Biscontin et al. 2004). 
Another important parameter for slope stability analyses is the slope angle, it is known that 
many of the submarine landslides have been developed in gentle planes; the average angle 
of the slope at failure was recorded for 399 of the 534 seafloor slope failures in Hance’s 
database. The 3 to 4 degree slope angle interval has the highest frequency of slope failures. 
The median slope angle for the 399 slides is 4.0 degrees, and the mean is 5.8 degrees, this 
agrees with Biscontin et al. (2004.) 
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DISCUSSION 
 
Currently the evaluation of submarine slope stability under earthquake loading can be 
addressed by means of quantifying the deformation in the slope couple with extensive 
laboratory testing to characterize the shear strength degradation of soils under study. 
However, it is important to keep on working in developing or improving approaches that 
simulate effective stress paths under cyclic loading to unveil the real behavior of submarine 
slopes. 
Another source of information could be the field instrumentation of submarine slopes with 
identified low factors of safety to measure creep deformations, and hopefully provide 
information on changes in pore pressure during a slide event. 
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